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IMPORTANT SYMBOLS 


(Thu numben of the equations indicate the point in the text 
at which the symbol Is introduced.) 


a.- Activity of substance i, 
(II, IGQ) 

Mean activity of an 
electrolyte (IV, 38) 

A Free energy (II, 137) 

c Velocity of light 

Concentration in mol/ 
litre of a substance t 

(II, 161) 

C Capacity (1,32) 

Cy Heat capacity at constant 
volume (II, 37) 

Cp Heat capacity at constant 
pressure (II, 42) 

j Q Change of heat capacity in 
• a process as described 
by an equation (H, 62) 

I) Diffusion coefficient 
(V, 44) 

e Base of natural logarithms 

e Electrode potential 
(VII, 46) 

Cp Standard electrode po¬ 
tential (VII, 48) 


~ Electronic charge (VII, la) 

E Extinction (IV, 20) 

E Electromotive force of a 
c(‘ll (VII, 7) 

Standard value of c.m.f. 
(25 “C,, 1 atm. pressure) 
(VII, 9) 

fi Conductance ccx^lTicient 
(IV. 10) 

/g Osmotic coefficient 

(IV, 12) 

Rational activity coef¬ 
ficient (IV, 25) 

Practical activity coef¬ 
ficient (IV, 26,27) 

/„ Activity coefficient of 
uncharged molecules 
(IV, 41) 

F Field strength (1,17) 

F The Faraday 

6 Free heat content (H, 188) 

h Planck’s constant 

H Enthalpy (II, 38) 
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i Current (1,1) 

I Ionisation energy 

/(g) Ionic strength, in terras of 
volume concentration 
(IV, 87) 

/(,,) Ionic strength, in terms 
of weight concentration 
(IV, 87) 

k Boltzmann’s constant 
(V.6) 

k Reaction velocity constant 
(V, 58) 

K Classical equilibrium 
constant (IV, 23) 

K Tlicrinodynaniic equilibri¬ 
um constant (II, 185) 

Kj Acidic dissociation 
constant (IX, 2) 

Kji Basic dissociation 
constant (IX, 5) 

Kjl Hydrolysis constant 
(IX, 24) 

Kg Solubility constaist (IV, 36) 

Mobility of an ion i (I, 68) 

Mobility at infinite dilu¬ 
tion (III, 88) 

L Latent heat per gram mol 
(II, 186) 

m Concentration in mol/ 

1000 g. of solvent 

(II. 168) 

M Molecular weight 


Hf Number of mols of a 
substance i (II, 162) 

n. Electrochemical valency 
(I, 56) 

J Transport number (I, 69) 

N Molar fraction (II, 162) 
Avogadro’s number 
P Pressure 

pH Negative dccadic loga¬ 
rithm of the H3O' 
activity (VIII, 24) 

pK Negative dccadic loga¬ 
rithm of the thermo¬ 
dynamic dissociation 
constant (TX, 41) 

P Molar polarisation (III, 36) 

P Proton affinity (IX, 74) 

P Force 

P Ionic product of water 
(VIII, 8) 

P) Frictional force (I, 58) 

q Electric charge 

r Distance, radius 

R Gas constant (H, 15) 

R Resistance (1,1) 

S Entropy (II, 104) 

t Time 

T Absolute temperature 

U( Velocity of migration of 

an ion t (I, 68) 
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r/ Internal energy (II, 14) 

V Volume 

V Partial molar volume 

(II, 83) 

a Degree of dissociation 
(I, 62a) 

a Polarisability (III, 6) 
y Surface tension (X, 1) 

d Diffusion layer thickness 
(XT, 3) 

fi Dielectric constant (I, 35) 

e Molar extinction coef¬ 
ficient (IV, 20) 

f EIcctrokinctic potential 
(X, 45) 

ri Overpotential (XI, 1) 

9C Specific conductance (I, 7) 
Ifx Radius of the ionic cloud 
(V, 14) 

A Donnan partition coef¬ 
ficient (X, 32) 

A Wave length 
A^' Molar conductance (I, 7) 
Equivalent conductance 

(I, 04) 


V VeI(M;ity 

w Work transfer in a process 

w' Specialized work trans¬ 

ferred in a process 

A^ Equivalent conductance 
at infinite dilution 
(IV. 3) 

/JL Dipole moment (III, la) 

Chemical potential of a 
substance i (II, 158) 

Standard chemical po¬ 
tential of a substance 
i (II, 158) 

V Frequency of radiation 

V Number of ions arising 

from an electrolyte (1,56) 

Ati Osmotic pressure (II, 230) 

Q Density of a solution 

(II, 164) 

g Charge density per cc. 

(1,27) 

a Charge density per sq.cm. 

(1,26) 

y) Potential (I, 19) 




CHAPTER X 


ELECTRICAL PHENOMENA AT INTERFACES 

1. Potential Differences at Phase Boundaries 

A potential difference always occurs at the interface oi two 
phases containing ions, multipoles or electrons. Some examples of 
potential differences at phase boundaries and the factors control¬ 
ling them arc (a) a metal dipping into a solution containing its 
ions, where the potential difference depends on the difference of 
the chemical potentials of the ions taking part in the processes 
at the inctal-solution interface; (b) liquid junction potentials, 
which originate from the different mobilities of positive and nega¬ 
tive ions; (c) the glass electrode where the potential difference 
depends on the impermeability of glass to all ions except HjO'; 
(d) the interface between two metals where a contact or Volta 
potential difference exists owing to the difference in chemical 
potentials of the electrons in the two metal phases; (c) two 
immiscible solutions of the same electrolyte in different solvents 
because the ions are solvated to different degrees, and tend to 
congregate where the interaction with the solvent is strongest, i.e. 
where the potential energy is least. In all the examples quoted 
above a stationary state is eventually reached as the resultant 
potential difference tends to counteract the process causing it. 

Phase boundary potentials are complicated by being dependent 
on the state of Oie surfaces of the phases. For instance, a potential 
difference may be observed between two solutions which are 
identical except that one has a capillary active substance * at 


^ A capillary active aubstance ia one which, upon addition to a aolution, alters 
its intcrfacial tenBion, The effect on the interfacial tension is due to adsorption 
of the solute at the interface (see Gidbs adsorption equation). lienee "capillary 
active substance” means, in its widest sense, a substance which becomes prefer¬ 
entially adsorbed at an interface. 
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its surface. To produce this effect, substances adsorbed on 
the surface of the .solution must have a dipole at one end of which 
there is a lyophilic group directed towards the bulk of the solu¬ 
tion, as in tlie higher fatty acids. The layer of oriented dipoles 
thus produced causes cations and anions to he attracted from the 
two solutions respectively, and a potential difference between the 
two phases hence ari.scs, dependent in magnitude on the surface 
concentration of dipoles. This concentration can be calculated 
from the lowering of surface tension at the interface. 

In accordance with the above, it is found that the potential 
difference set up at a metal-solution interface depends on the 
state of the surfaces of the two phases which in turn is a function 
of the substances present in solution. Tliis is particularly true with 
re.spcct to the anion, which, being generally more polarisablcthan 
the cnrrc.spondiiig cation, is usually more easily adsorbed at an 
nterfacc. 

(i) Electrocapillary Curves 

The relation between surface properties and potential difference 
at a liquid metal-solution interface may be examined by means 

of "ekctrocapiUary curves'', i.e. curves 
of the interfacial tcn.sinn again.st the 
potential of the metal, from which, as 
shown below, the dependence of charge 
residing on the metal surface and ca¬ 
pacity of the interface on potential can 
be derived. Knowledge of thc.se re¬ 
lations is useful in e.stablishing the de¬ 
tailed structure of the electrical double 
layer at the interface (see next section). 

Electrocapillary curves can be de¬ 
termined with a Ltpfmann capillary 
electrometer which is shown diagram- 
matically in Fig. 49. The most im¬ 
portant part of this apparatus is the 
pjg, 4 Q, narrow glass capillary in which the 

Capilbiy dectrometcr interface between the liquid metal 
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(nearly always mercury) and the solution is formed. The interfacial 
tension between the mercury and the solution (changes which 
arc indicated by a displacement of the mercury meniscus) depends 
on the charge and therefore the potential difference at the mercury- 
solution interface. This is because the charges on the surface mutu¬ 
ally repel one another and hence tend to expand the surface. It 
follows tliat the interfacial tension (which tends to contract the 
surface) is lower the greater the surface charge density, an effect 
which is independent of the sign of the charge on the electrode, 
the expanding force of the charge on the mercury surface being 
proportional to the square of the charge density. 

Suppose that the electrolyte in contact 
with the mercury in aLiffmann electrometer 
eonsi,sts of a solution of sodium sulphate 
saturated with mercurous sulphate and that 
“so," ~ potential difference at 

the mercury meniscus corresponds to the 
normal potential of the Hg/HggSO^/SO," 
electrode, w'hich is about 0*6 volt on the 
iionual hydrogen scale (according to Table 
23). The mercury is positively charged 
relative to the solution and the state 
of the electrical double layer can be repre¬ 
sented as in Fig. SOa. Owing to the 
charge present on the surface, the surface 
tension of the mercury at its interface with 
the solution is less than the value in the 
uneliarged state. Now suppo.se that a gradually increasing nega¬ 
tive potential is applied to the mercury, from an external source 
of c.m.f., then more Hg^" ions arc discharged and a smaller number 
of thc.se ions is present at the interface. As a result the potential 
difference and charge at the mercury-solution interface decrease 
and the surface tension, y, rises. When the charge is zero, the value 
of Y reaches a maximum, there being no longer any expanding effect 
of charge to decrease the interfacial tension. If the negative polari¬ 
sation is increased further, an opposite charge arises at the interface, 
as shown in Fig. 30b and the interfacial ten.sion decreases once more. 

An important relation between the charge density of the double 


Solution 


MrM 


Solution 

+ + + + + + 



Mrtat 


Solution 

-*■ + + + + 



li'ig. iiO. Electrical double 
laycm at a Rolid-solution 
phase boundary 
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layer, a, the surface tension, y, and the potential difference, Jy, 
between the two sides of the double layer can be found as follows. 
In a system containing, say, Hg^", SO^*, H‘ and OH' ions, and 
electrons, consider the change of y with idy at constant sulphuric 
acid concentration. As the acid strength remains constant, it 
follows that the dfi for 804", H‘ and OH'is zero. Let it be assumed, 
as a special case, that there is no surface excess or deficit of metallic 
ions at the interface, i.e. that the surface excess ofHg*" ions is zero. 

This assumption makes the application of the Gibbs adsorption 
equation (cf. “Problems”, No. II, 8) to the system particularly 
easy^. The latter equation can be ^vritten in the form 


RTdlna ’ 


where a is the activity of a given component in solution, the 
surface tension of the interface is y, and F is the excess surface 
concentration of the component. For several components equation 
(1) can be wiittcn 

dy = — E r dji, (2) 


where n is the chemical potential of a component in the sj'stem 
and the summation extends over all the independent variable 
components of the system. It has already been noted that dfi 
for all the ions present is zero for the boundary conditions given 
above so that only dfn for the electrons remains and this is given by 


i‘Inel.rim6 


dy 

dfi 


( 3 ) 


Now Fpintrons > cxccss of clcctrons in the surface layer, can be 
replaced by its equivalent in coulombs per sq.cm., a, if the 
chemical potential term dp, is replaced by the equivalent electrical 
term dAyp for the electrons, at constant surface area. Consequently, 


a 


By 

W ■ 


( 4 ) 


Equation ( 4 ), which is the general relation between the gradient 
of the electrocapillary curve and the quantity of electricity per 
unit area of the double layer, is termed Lippmann's equation. The 


* See E. K. noiisAi., Introduction to Surface Chmintry, Cambridge, IHiM). 
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function y = describes the electrocapillary curve which can 
be readily obtained with the capillary electrometer (see page 358). 
Fig. 51 shows clcctrocapillary curves for various electrolytes in 
aqueous solution. If the double layer in Figs. 50a and b is regarded 
as a charged condenser, the charge density is 

a = CA^p, (5) 

where C is the capacity of the condenser per sq.cm. Eliminating 
charge density from (4) and (5) and integrating it follows (assuming 
C to be constant with changing Ay}^) that: 

y = — C 72 . (Ay))^ + const. (6) 

Hence, for Ay) = 0 the surface tension, y, has the maximum 
value, yu, so that 

Vo — y -■= • (-^v)* ■ (7) 

The differential form of this equation is of more general appli¬ 
cability because from it the variation of the cajjacity of the 
electrical double layer with potential can be determined from 
clcctrocapillary data. From (7) it follows clearly that*; 

(») 

Equation (7) is the equation for a parabola if Ay) is taken as 
zero at the posllion of the maximum surface tension. Tests of 
this equation show that for some solutions, e.g. aqueous potassium 
nilratc for concentrations O'OOl c < 1 gram inn per litre, an 
almost parabolic eleetrocapillary curve is in faert obtained and the 
position of the maximum is roughly independent of the concen¬ 
tration of the electrolyte. This confirms that for these solutions the 
double layer can be treated esscrUiaUti as in the deduction of the 
above equation^ i.e. as a charged condenser (sec Fig. 50a and b). 

For most solutions, however, the electrocapillary cur\’c is not 


’ Closer invratif;atiiin bIiowh tliat V vurieM with CouBequcntly, iii addition to 
the “Capacity", i.e. the nieuii value of C over a raii(j^ of iNitentials, another 

do 

capacity, known as the Differential Cayadtif, in defined ^ represents 

the value of r at any point in Uie iiotential-cluirj^ relation. 


* For more detailed thcnnodynaniie erpiatiuiis coneernin^ Uie double layer, sec 
D. C. (rRAiiAMP., J. Chem, Phya., 1048, l(», HIT. 




858 


INTERFACES 


X 


strictly parabolic, but assymmctric, the position of the maximum 
being lowered and moved to greater or smaller values of Jyi (see 
Fig. 51 ). This type of behaviour is always observed when either 
the cation or the anion is predominantly adsorbed at the interface, 
i.e. when one of the ions in the solution is capillary active. With 
capillary active anions such as I', the posUive limb of the electro¬ 
capillary curve is the steeper and the maximum is displaced to 
greater Ayi values compsired with those obtained in solutions nut 
containing capillary active ions. With capillary active cations 
sucli us N(C2H5)4', the negative limb of the curve is slightly 
.steeper and the maximum is reached at lower dip values. In 



Fig. ill. Electrocapillary curves for Hg iigaiiist 


various elertrolytic Roliitions 


addition, in the presence 
of capillary active ions 
the shape and position of 
the curve with respect to 
potential depend strong¬ 
ly on the concentration 
of the electrolyte. 

The asymmetry of the 
clectrocapillary curies 
found in the presence i>f 
capillary active electro¬ 
lytes may be explained 
in the following way. Let 
the case of capillaiy ac¬ 


tive .‘inionsbe considered. 


These anions are then adsorbed on the surface of the mercury to 
an extent such that their negative charge overcompensates the 
positive charge originally on the surface of the mercury, so that an 
excess negative charge cxi.sts upon the electrode. To compensate 
for this, a second layer of cations takes up its po.sition opposite 
the excess anionic layer adsorbed in the double layer at the 
electrode-solution interface, us shown in Fig. 50 c. It can be seen 
that the interface can no longer be regarded as a simple condenser 
consisting of a double layer of'opposite charges but is actually 
now a triple layer. It follows that in the presence of adsorbed 
anions the simple theory given above, which assumes n con- 
denser-like double layer, no longer applies exactly and there- 
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fore the curves are no longer symmetrical parabolas. The Uneering 
of the electrocapiUary maximum occurs because, even where there 
is zero charge on the metal, a net, non-uniform charge, and hence 
a potential gradient, still exists (in the presence of the above 
described triple layer) in the solution side of the electrode-solution 
interface even though the potential gradient in the immediate 
vicinity of the electrode surface is zero; this charge on this side 
al.s'u influences the iiitcrfacial tension thus preventing it from 
attaining the maximum value for a charge-free interface. 

(ii) ElectrocapiUary Curves and Single Potentials 

It has already been mentioned (see Chapter VIT, Section 6) 
that accurate values of metal-solution potential differences, or 
absolute single electrode potentials, are not easily attainable, 
and some factors connected with their attempted measurement 
will now be discussed. 

Tn the absence of capillary active ions the double layer appears 
to behave approximately as a simple condenser (so long as a 
number of conditions arc fulfilled, c.g. that the concentration of 
ions which cross the interface is small). At the electrocapiUary 
maximum, the charge on the mctiil surface is zero and hence, 
from the analogy of the condenser, the potential difference across 
the double layer, i.e. across the electrode-solution interface, must 
be zero. Assuming this to be true, the potential of the electro- 
ciapillary maximum in a solution of inactive ions can be taken 
as a nuU potential, and, therefore, if the potential of any other 
electrode, c.g. a normal mercurous sulphate electrode, is measured 
against the potential of a mercury electrode at the clcctru- 
capiUary maximum, then the c.m.f. of the resultant ceU should 
give the absolute single potential of the normal mercurous sulphate 
electrode. This is found to be -(-O'SS volt. The potential of any 
other electrode, X, may then be measured against the mercurous 
sulphate electrode, the absolute single potential of which is now 
known, and the absolute single potential of X can thus be found. 

Consider now the properties of the mercury electrode as a null 
electrode in the presence of capillary active ions. At the electro¬ 
capillary maximum the charge on the metal surface is zero but 
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it has been stated above that in the presence of capillary-artive 
ions it is only the potential gradient in the immediate neighbour¬ 
hood of the surface which is zero and that a potential gradient 
exists further out towards the solution. Thus, in the presence of 
capillary active (t.e. adsorbable) ions, the electrocapillary maximum 
corresponds to a condition of zero charge on the metal surface but 
not to zero potential difference across the whole double layer. Hence, 
the mercury electrode at the electrocapillary maximum cannot 
function accurately as a null electrode in the presence of such ions. 

Although the foregoing indicates that the clectrocapillary 
maximum in solutions of non-capillary active substances is 
apparently a valid null point it is in practice found to be unsatis¬ 
factory for accurate work. Tlius, the potential of the maximum 
differs somewhat in various aqueous solutions, none of which 
apparently contains capillary active ions. These differences 
probably arise because no anions arc entirely non-capillary active, 
so-called non-active ions being in fact weakly active. Thus, 
the description of conditions at the clectrocapillary maximum 
in the presence of adsorbable anions (p. 357) is really essentially 
the general description for all solutions. It follows that (he electro- 
eapiUary maximum never corresponds exactly to a null po¬ 
tential (but always to a point of zero charge on the metal .surface). 
In solutions of inactive ions, however, it is probably approxi¬ 
mately (to 'within about 0-03 volt) a null potential. Absolute 
single electrode potentials can thus at the best only be roughly 
determined *. 

(hi) The Capacity of the Electric Double Layer 

An important method of gaining knowledge on the structure 
of the electric double layer is by measurements of the dependence 

^ Furtiier doubt on the acnuracy of deterniinutioiui of the potential difference 
between metal and aolution from the assumption of a null jmtential at the 
electTor4ipiilary miiximuiii arises from the possibility that any potential gradient 
on the solution side of the double layer brings about dipole orientation 
on that side, w'hich in turn gives rise to a potential difference which would be 
contained in the measured “null” potential. There is reason to believe, however, 
that the potential difference contributed by the oriented dipoles is relatively small. 
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of charge and capacity of the electrode upon its potential. Most 
of the work upon this subject has been carried out at the interface 
mercury-aqueous solutions. The examination of solid metal-solution 
interfaces is much more difficult because it is not easy to apply 
the elcctrocapillary method by which it is possible to calculate 
the amount of adsorbed capillary active substances on the 
electrode, and the capacity of the electrode-solution interface at 
a given potential (see equation 8). 

In addition to the electrocapillary method, two other important 
methods for measuring the dependence of charge and capacity 
of the electrode-solution interface on potential exist. Firstly, it 
is possible to follow the potential of an electrode as a function of 
time during the first fractions of a second during which electricity 
is passed across the 
electrode-solution 
interface. This is 
must conveniently 
done by means of a 
cathode ray oscillo¬ 
graph (see Chapter 
XIII, p. 58S). As 
the current is main¬ 
tained constant 
during the experi¬ 
ment, it is possible 
to plot the poten¬ 
tial of the electrode 
against the quan¬ 
tity of electricity 
passed. For some electrodes it is found that over a considerable 
range of potential, the potential/quantity of electricity relation 
is a linear one (e.g. for the interface mercury-aqueous sulphuric 
acid, as shown in Fig. 52). The straight line portion AB of 
Fig. 52 shows that the electrode-solution interface is behaving 
like a condenser, i.e. the ions (e.g. hydrogen ions in the above 

* It u poMible to apply Quincke's contact oni^lr method for measurinK the suifaoe 
tension of solid-solution interfaces, but the method is insufficiently BCeurate for 
application of equation (B). 



Time (secs) 

Vip. 52 . 

ChaiRini; curves for a niereiiTy-aqucoiis add 
solution interface 
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example) are arriving at the solution side of the double layer but 
do not cross it {i.e. do not discharge and deposit freely on to 
the mercury electrode as atoms) to any marked extent until the 
potential has reached a certain value. The capacity of the electrode 


is given by 


C = 


dq 


dAy> 


idt 

dAy> 


(») 


i.e. by the slope of the Aqijq relation. 

This method also makes it possible to determine the ratio of 
true to apparent surface area of metals. It is assumed (a) that metals 

of the .same true areas 
have the same capaci¬ 
ties and (b) that in 
menmry the true and 
apparent surface areas 
are the same. Thus, 
if the capacity per 
apparent sq.cm, for 
the metal M is Cji and 
that for Hg, then 
tlic ratio of true to 

apparent areas is - 

ClUq 

In this way it is found 
tliat smooth, common 
metals such as Ni, Ag, 
Cu, etc., have true 
areas which are up to 
approximately three or four times greater than their apparent 
areas; for a given metal this ratio varies with the method of prepa¬ 
ration of the surface and with scratched metals and particularly 
platinized platinum may rise to much higher values. 

Alternatively, it is possible to determine the capacity of the 
electrode-solution interface by introducing it into an A.C. bridge 
circuit and balancing against a known standard capacity. A D.C. 
current is superimposed upon the A.C. component and by this 
means the potential of the electrode-solution interface can be 
varied at will so that the relation of charge and capacity to 



Fif;. The relation of the cupai.'ity uf the elec¬ 
trode - solution interface to tlic electrode potential 
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potential can be determined, as with the clcetrocapillary method. 
It is also instructive to examine the dependence of the capacity 
of the double layer upon frequency. When the surface of the 
electrode is covered with adsorbed atomic hydrogen it is found 
that there is a variation of the capacity with frequency due to 
the oscillations of the M-H dipoles in the A.C. field. In metals 
which do not adsorb hydrogen well, no such variation is found and 
this probably means that only a very small fraction of the surface 
of these metals is covered with adsorbed hydrogen atoms 

When the charge and capacity of the mercury-dilute aqueous 
solution interface obtained in this way, or from electrocapillary 
studies, arc plotted against potential, the curve shown in Fig. 
53 is obtained. The plateaus andC_ are identified respectively 
with the capacities of the electrode-solution interface when the 
solution side contains cations or anions only. The capacity of the 
electrode solution interface in the region of potential corresponding 
to C.,. and C_ is termed the double layer capacity, and when this 
term is used without reservation as to sign it is taken to meau C 4 . 

It has been found that minute traces of capillary active 
impurities very largely decrease the capacity of the double layer *. 
lienee, as in measurements of hydrogen ovcrpotcntial (see p. 118), 
valid revsults are difficult to obtain. The value of the capacity of 
the double layer at the interface mercury-pure dilute aqueous 
solution can now be accepted as 10 per sq.cm. 

(iv) Tlieory of the Electric Double Layer 

Several detailed theories of the structure of the electric double 
layer have been proposed. The theory of Helmuoltz, in which 
the double layer was regarded simply as a parallel plate condenser, 
was followed by that of Gouy who considered the solution side 
as a diffuse layer of ions iu equilibrium with the field of the 
electrode and the thermal kinetic forces of the solution. The 
potential-distance relations for these two models arc shown in 
Fig. 54a and b respectively. Neither of these models is satisfactory, 
the former because it predicts a constant electrode capacity with 

’ P. Doun, D. Ehsciileb and A. Fiumkin, Acta Phyricochim., lUM. 13, TTO. 

' M. PnosKUBNiN and A. Futhkin, Tratu. Faradiiy Soe., 1085, 31, 110. 
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Fifr. 54a. Helmholtz's repres- 
entation of the fintcntial - 
distance relation for the elec¬ 
trode - solution interfurc 


change of poten¬ 
tial contrary to 
experiment, and 
the latter be- ^ 
cause it does not | 
lead to a con- 
nedion between 
capacity and po¬ 
tential which a- 
grecs with ex¬ 
periment. At a 
concentration of 
JV/10 the Gouy 


Gouy 

c 

V D 

3 

5 

Distance 

Fig. S4h. Goity's represcnLii- 
tiim ol the {loLential - (Ustanre 
relation for the electrode - 
solution interface 


model gives a double layer capacity of alK)ut 250/i-F/cm® at low 


potentials (c/. the experimental value). This discrepancy arises 



Distance 


FiL'. 55. Stkhn's reTiresentuuon of the potential 
- di.stniicc relation for the elpctrode - solution 


largely from the as¬ 
sumption of the bulk di¬ 
electric ronstant ^ value 
i 11 1he double layer, where¬ 
as the actual value will 
be much less than tliis 
owing to dielectric satu¬ 
ration in the vicinity 
of the electrode. Gouy’s 
model also neglects to 
take into account the 
finite size of the ions. 

In Stern's theory, 
which is that most gener¬ 
ally used as a model 
at present, the electrical 
double layer is regarded 
as a combination of the 
compact IlEi<MTTOi/rz and 
diffuse Gouy types. The 


interface 


potential difference be- 


' t.e. the macroscopic dielectric constant os opiMiscd to the dielectric constant 
near the interface. 
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tween the electrode and the solution is divided into two parts, 
see Fig. 55. Immediately attached to the electrode surface is a 
compact layer of thickness equal to that of one ionic layer and 
across which is a linear fall of potential, whilst further away 
there is a diffuse layer, associated with an exponential fall 
of potential, and extending into the bulk of the solution. The 
fall across this diffuse part of the double layer is represented by 
tpi, the potential between the bulk of the solution and the fixed 
or Helmholtz section of the double layer. 

The potential is sometimes identified with the clcktrokinetic 
potential, being represented in discussions of surface chemistry 
by C (if is hence sometimes termed zeta potential). The total 
potential difference between the solid phase and the bulk of 
the solution is the electrode-solution potential difference, repre¬ 
sented here by Jy. 

Let the charge density on the electrode be Up, that on the 
outer plane of the compact double layer be Ui, and that on the 
diffuse double layer be Cj* Then, 


Oj, — Oi o^. 


( 10 ) 


Let n^ be the niiiiibcr of adsorbed ions per sq.cm, of the electrode 
surface, Ug ^ the number of ions of the same type per c.c. in the 
bulk of the solution, Z^ the maximum number of ions which can 
be adsorbed ou one square cm. of the electrode, and Zg ^ the 
maximum number of ions per c.c. for which there is space 
available in the solution. Then, the time spent by an ion on the 
surface {t^ nr in the solution (tg ^) is proportional to the number 
of free .spaces at the surface or in solution multiplied by a 
Boltzmann factor, i.e.. 


Jl 


Z {—rif 


mJkT 


( 11 ) 


^O.i—”o,( 

But, considering all ions of a given type for a short time instead 
of one ion for a long time, it is seen that 


Wj wi/fcr 

^,1 ^),i ^e,i 

Solving this equation for n^, one obtains 
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z, 

^ Z,< «</*r 

«0.i 

in dilute solutions (for which figj). It also follows that for 

such solutions —is approximately the molar fraction of the 

\i 

solute. Stern doubled the 1 of the denominator of (12) in order 
that for large negative values of to^, n^ -*■ ZJ2 (i.e. equal numbers 
of cations and anions arc adsorbed). The term tOj can be written 
as 

(»i)Anln™ = 2,ei(Vl —f-). (!») 

where fp_ is the adsorption potential of any specifically adsorbed 
anions, and z, is the charge on the anion. Correspondingly, for 
cations, 

(«’iWloM=2»«o(Vl+ ?>+)- 0^) 


where is the specific ad.sorption potential for the cations, 
and z, the charge on the cation. 

It follows at once from (12), (18) and (14) that: 


Oi — zF 


_ 1 _ 

2 


1 1 
_|_lgV,(Vi 1-V+)/**’ > 


where c is 7i„ JZ^ .. 

The charge on the diffuse part of the double layer can be 
considered using Poisson’s equation in a somewhat similar way 
to that u.sed by Debye and Huckel. For a potential varying 
in one direction only, it is known from Poisson’s equation that 

(pyi ing 

dx* E ’ 


where g is the volume charge density at a point x distant from 
the electrode surface along the X axis, where the elcctro.static po¬ 
tential is yi, and e is the dielectric con.stant in the bulk of the solution. 
Now, 


e =S7iiZie,, 

=: £ rig {Zj Cg c—*■«*• . 
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Hence, 


da» 


e * 


(16) 


Use of the ideality 

allows (16) to be integrated and gives rise to 


8jikT 


2n„ j|c-w/M' + ^ j . 


(17) 


In the bulk of the solution dyf/dit = 0 and y = 0. Applying 
these conditions to equation (17) shows that A = —^1.' Also, 
from Gauss’s theorem, 

dip 4 n ffi 

Hence, from this and (17), 


i/ekTy I •—’ 

’■ -*)• 


(18) 


where yt becomes y)^ so that ffg represents the eharge on the whole 
diffuse layer. 

Thus, from (10), (15), (18) and tlie equation for the charge on 


g 

the electrode, Bq — -—j (Jy— y>i) (where e ' is the mean dielectric 
4/710 

constant in the Helmholtz double layer and 6 is the thickness 
of this layer), the basic equation of Stern’s theory becomes 





2 +“ exj) ■ 
c 

Vo(V'i-•?’-) 

AT 


2 -|—exp 
c 


Vo(Vi + 7’+) 


AT 


+ 


/sATv / 


1 


(19) 


As will be seen in Chapter XI, it is important to obtain a 
relation between yig and c. In some systems specific adsorption 
of ions can be neglected and when this is so (e.g. at the interface 
mercury-dilute aqueous .solution of an acid such as hydrochloric) 
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it follows that: 


4in6 


(Jv—Vi) = FzCh- 


—zftjpi/kT 

e 


‘ ) 



-^•Vi/kT 

e 



Except near the electrocapillary maximum, Ajp^ and 
e—1, It follows that: 


b'A^ 
in A 


—^i\pijkT 


\fBTti \* 




This equation can be regarded as a quadratic in (i^. p—* iPiVi/*^)*. 
Solution of this equation shows that c^. e—has one 
real value from which 

BT, 

Y», = — r in Cj|. + const. 


The above detailed theory of the electrical double layer has been 
successful in explaining the form of the experimentally known 
dependence of charge density and capacity (obtained as described 
above) on potential, ^ and many other observed relations. 


(v) Membrane Potentials 


The field of membrane equilibria which is of particular im¬ 
portance in colloid and protein chemistry, will now be briefly 
described (c/. p. 291). When a membrane is impermeable to one 
of a number of ionic species, ionic diffusion through the membrane 
sets up a difference in ionic distribution on its two sides and a 
potential difference arises. A simple system can be considered, 
e.g. a solution of a salt of a strong base containing R' and Cl' ions, 
the solution being separated from a solution of hydrochloric acid 
by a membrane impermeable to R', i.e.. 


I 


R Cl' H,OCl' 
H,0 H,0 


M 


( 20 ) 


' A more detailed treatment of ionic distribution at an interface is given by J. T. 
Davies and K. K. Rideai., J. Colloid Sd., 1948, 3, 318. 
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The equilibrium condition according to (II, 198) is d{Gi + C|j) = 0, 
which means that the chemical potentials of each of the entities 
present in both phases are equal, i.e. 


~ >' /*cr —/*cr; /‘h,o~/*h,o. (21) 


Corresponding equations apply when other entities to which the 
membrane is permeable are present. To establish the equilibrium, 
H,0' ions must be transferred from II to I, so that correspondingly 
an exchange of Cl' ions and H^O molecules takes place between 
the two solutions until equilibrium is reached. A difiFerence in 
osmotic pressure tijj — jtj~ An will occur if a membrane per¬ 
meable to the solvent is introduced between phases I and II (c/. 
the case of equilibrium between a solution and the pure solvent, 
p. 89). In the system considered here, however, an elcetric po¬ 
tential difference A^ also exists between both phases because the 
entities crossing the membrane are charged. If the expression (II, 
IGl) is used to subistitute fur fi and the pressure dependence of 
chemical potential is taken into account, then the resulting condition 
for the equilibrium of water between the two phases at the same 
teiriperature becomes (neglecting compressibility of the solution). 


^ 11,0 (’*11 ’*i) ■“ _u' ’ 


( 22 ) 


•■ 11,0 


and correspondingly for both ionic species, application of (VII, 45) 


gives 


and 


^ 11,0' (’^ii ^* 1 ) '-ii ■ ^ ’ 


I 

HiO- 


*M, 0 - 


^ci'(’*ii *’* 1 ) ■J?T.ln ij"-- Ay/.F, 


(23b) 


*ei' 


In the above, the symbol P' denotes the partial molar volume 
of the relevant entity and Arp is the potential difference set up 
between the two phases, t.c. the membrane potential. By elimi¬ 
nating Ayf from both cquatiuu.s (23a) and (23b), then 


nji - ni 


KT _ 

H,0’ "f" ^^Cl' 


, «E,n- “I'l' 

• "i II > 
%. 0 -®Ul- 


(24) 


and if An is eliminated between (22) and (24) the final condition 
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for the membrane equQibrium of system (20) is 
1 . al r. 1 


H|0 


In^ 

»S.o 


Vb.0- + K 


Cl' 


, < 


which may also be written as 


«ni 




*^0 


(25) 


(26) 


where ^ represents the ratio of the partial molar volumes of 
electrolyte and solvent, i.e., 


v=- 


^H.0- + ^Cl’ 


H,0 


(27) 


As mentioned before, the compressibility of both solutions has 

been neglected in the pressure range An. If the solutions are very 

dilute the value of can be taken as unity in both phases 

and therefore n * /aa \ 

= oi . (26a) 

Hence, at equilibrium the mean activity of hydrochloric acid 
must be the same in both phases although the single activities 
Og^p. and dpi, will be different, and therefore, 

®H,o' / ^0' ~ ®t!i' / ®ci' • (26b) 

If An is eliminated among (22), (28a) and (2Bb) the membrane 
potential Ay> is obtained as 


RT 




^11 

“H.O' 




H.O* ®H,0 


= —=- .In 


4 ,. 4 ? 


I^H.0 


F 'alTp ■ 

Fci' 


(28) 


Here, is used for ■=— and ip- for rp — . If Og^p is taken as 

the same in both solutions then a normally adequate approxi¬ 
mation for Af is given by 


RT . a 


,TI 




RT a|j| , 


(28a) 


*H,0- ' ®C1' 

Single ion activities occur in (28) as in the equations for the 
e.m.f.’s of cells with diffusion potentials. The mean ionic activities 
can be accurately substituted for the single ion activities only in 
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the Debye-HOckel concentration range. According to (VII, 87) 
an e.in.f. identical with that given by (28a) would be observed 
if the solutions I and II above considered were made up into 
the following cell containing a KCl bridge to suppress the diffiisinn 
potential: 

(R) H, I Solution 11 KCl | Solution II | H, (R). (29) 

Such a cell is a concentration cell with respect to H,0* ions, 
and the same results would be obtained if the hydrogen electrodes 
were replaced by Ag-AgCl electrodes (a concentration cell with 
respect to Cl' ions). On the other hand the cell 

(R) H] I Solution 11 Solution II | H| (R), (80) 

M 

where JIf is a semi-permeable membrane, would have an e.m.f. 
of zero because in the presence of the membrane the system is in 
equilibrium and no change in coneentration and hence no change 
in free heat content is involved. This last statement means that 
there must be a potential differenee at the membrane which is 
equal to the difference between the two single electrode potentials 
in cell (80) and from (VII, 87) this is 


„ii 


— In-“--I’ 

f ■ <.,• ■ 

The membrane potential in the system (20) can therefore be 

obtained if, after equilibrium has been established, the pH values 

of both solutions are measured separately against a reference 

electrode in the same solution and the resulting H,0' activities 

are substituted into (28a). Using the silver-silver chloride electrode 

Ay> can also be obtained from measurements of the Cl' activities 

in both solutions. In general, the membrane potential is given 

by the relation „ 

^ VT 

Jv = ^.ln^. (81) 

zt o{ 


where is the activity of a s-valent ion of type i to which the 
membrane is permeable. In the presence of ions of different valen¬ 
cies, the appropriate equilibrium conditions become from (26a) 
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The quantity A is known as the Donnan distribution coefficient. 


In the above derivation of tlie equilibrium condition it has been assumed that 
C is an ion of a strong base the degree of dissociation of which is independent 
of pH changes in the solutinn. When the sulistances to which the inemtirane is 
impermeable are weak acids and bases and ampholytes such as proteins, however, 
dissociation constants have to be taken Into account in tlie calculation of membrane 
equilibrium. Consider the case of the salt of a weak base, the cation of which can 
be regarded as the acid Ull* (see p. ai8). Tlie system is 
RH' H H,0' Cr 

I H,o- H,0 n . (M) 

Cl' ^ 

M 

In solution I the dissociation equilibrium (IX, 2,*l) is 
Rir + II 2 O 5±HsO' -h R 

and neither RH' nor R can pass through tlic membrane. 

To find out approximately how tlie membrane equilibrium is affected by the 
dissociation equilibrium of tlic cationic acid, uetiWty coeffieients may lie neglected. 
Let the total coiicentratifin of salt be ry. 

From (20b) the condition for meinbrauc equilibrium is 

(ch,o- CciOi = (cn,0' CciOii = (cVi,o-)ii • (84) 

In solution I, 

cb = Co — fan' I 

and the dissociation constant of the cationic acid (which is the hydrolysis constant 
of the salt) is given by 

^ _ ^H,o- _ Ch,d ‘ — *^aH- ) 

Cbh' 

from which 


CrH' “ 


Cp ■ gH ,0’ 
■K* "T CHiO' 


But, from tlie condition of electrniicutrulity, 

c>ci' = cn^o- -i- f KH- = f • 

it* -h Ch,0’ 

When the expressions obtained above are substituted in (34), 
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The Donnam diitrilmtioii coefficient therefore beoomee, 

ChJ)' f 


^1 + 


and the membrane potential is 






(B6) 


(37) 


IiO* 


Hence, iDcreaung acidity of the Holution causes A to approacli unity and zero. 

Consider now a system containing the salt of a weak acid HA, the membrane 
being impermeable to both the arid ami tlie onion, and the other side of the 
membrane being in contact niiili a KOH solution, i,e., 


HA 

oir 

K' 


A' 

HflO 


K- OH' 

HaO 


II 


( 38 ) 


M 


The membrane equilibrium in tliis ease will be affected by the hydrolysis of the 
salt. If the total concentration of the salt is represented by Coi then a calculation 
analogous to that above leads to the cxjireRsiiin 

, (39) 


2 «. _ 
■ U 
Con' 




1 F 


Kk t COH/ 

in whicli Km is the liydrolysis constant of the suit correBjionding to the reaction 

A'+ ll20 7tlIA+ oir. 


Here, A is less than 1; with decreasing acidity (t.e. increasing OH' concentration) 
of the solution, it approaches 1 and the nieiiibrane potential Afp approaches zero. 

Finally, consider a protein snJiitiim netir the isoelectric jMiint where both the 
following equilibria (associated witli dissociutjon consiaiits of A^| and tv- 
speciively) affect tJie nienibrune eqiiiJibriuin (see IX, 34 aiifl 33), 

Hir + IIsOT^rlW + R', 
ir +Ha0 5±Hs0 +U'. 


Tlic e<iuilibrium system can be represented by 


I 


RH‘ R ' II' 
H^O- CJ^ 
H 3 O 

M 


iw cr 

H.,0 


II . 


(40) 


The membrane is impermeable to Rif, R'', and R' and tlie total concentration 
of ampliolyte is Cp. In this case the following relations are applicable : 


ch' =■ <?H|D' h • (('ondition of electroncutrality) 


= Cq — Cei1“ — ■ 


Ki 




Crh- 



rH,u‘ 

Cr*' 


Eliminating cb*, Crb* i^nd rj|/ from tlie above equations, the Cl' concentration 
is given by 
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tJu' — "I" 


tfg ( A|0* — -^1 ■ 

■^1 ■ -Ki + • ®kiP’ + PHio 


SutMtituting agein in the equilibrium condition (84) the Donnan dletribution 
coefficient ie found to be 

A 

It follows from (IX, 48) that at the isoelectric point, and neglecting activity 
ooeffidentB,4iO' = -Ki.Xg, so tliat AhMito. = 1> The membrane potcutiBl is 
therefoiu zero. On the acid side of the isoelectric point, > JSCi. Jka and A 
initially increases with decreasing pH. For sufficiently high values of t^o'. 
may be neglected and (41) simplifies to 


-#"V> 

Cuj%- r 


gs ( c^o- — Ki. X2 



which is the same as (80). At suitably low values of pH, A must therefore decrease 
and finally n;ach unity, i.t. both A and Aif pass through a maximum with change 
of pH. Conversely, on the alkaline side of the isoelectric point <iKi,K% and 



■ £ Actiiz add a b Lactic acid 

om HI oaHCt 

A ■ HNQj . * aPropioalc add 

»aHBr 

Fig." 66. Membrane potentials of 1% gelatine 
solutions against dilute salutions of univalent 
salts as a function of pH 


is negative, t.r. the mem¬ 
brane potential clianges sign 
and increases with increasing 
pH, passes through a maximum, 
and approaches zero again when 
tlie solution becomes strongly 
alkaline. These tlieorcUcal pre¬ 
dictions are confirmed by ex¬ 
periment as is clear from Fig. 50 
where membrane potentials for 
1% gelatine solution against 
solutions of several univalent 
odds are shown as a function 
of pH. The membrane potential 
is independent of tlic nature of 
the acid and at the iacK.'lectric 
point (pi = 4-8) is zero. At 
pH w 4-0 it readies a maximum 
and decreases with increasing 
acidity to zero. 

Membrane potentials 
have considerable impor¬ 
tance in biological pro¬ 
cesses and have added 
much to our knowledge 
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of proteins. For instance, the mechanism of the exchange and 
distribution of inorganic ions between blood corpuscles and 
blood serum has been elucidated from the viewpoint of the 
membrane equilibria which are set up at the cell walls. 
The cells have been found to be impermeable to all inorganic 
cations except H 3 O', but are permeable to anions. The distribution 
of electrolytes between blood serum and other body fluids is also 
governed by membrane equilibria, for the walls of the capillary 
blood vessels are impermeable to proteins of blood serum, but 
are permeable to inorganic ions. 

Bibliography: O. Stern, Z. EleJctrochm., 1S24,30, SOB; E. J. VV. Viuiwey, 
Chm. Reu, 1985, 10, 368; C. L. A. Schmidt, Chemistry of Anions^ Acids and 
Proteins^ Springfldd and Baltimore, 1088, 770; 1). C. Grahame, Sleciric DoMe 
Layer and EUetrocapiliairity, Chm, Reo., 1947, 41, 441; J. N. Aoar, Ann, Report. 
Chem. A'oe., London, 1947, 5; J. A. V. Butler, ti al., EUctrieal Phmamena at 
Interfaces in Chmishy, Physics and Biology^ London, 1951. 


2. Electrical Charges on Colloids 

Colloids in aqueous systems can be divided into two groups 
termed hydrophilic and hydrophobic. The first class, to which 
belong the proteins, has a great affinity for water as is shown 
by their swelling and hydration properties. They form thermo¬ 
dynamically stable systems with water. On the other hand, 
hydrophobic colloids are in a labile equilibrium, and hence can 
be flocculated irreversibly by, say, the addition of a small amount 
of an eJectrolyte They have little affinity for water and are 
practically insoluble in a molecularly dispersed form. 

The high stability of solutions of hydrophobic colloids may be 
understood by considering the migration of the particles in an 
electric field (see p. 882) which indicates that the charges on them 
are of like sign. The charge on each particle is usually high, so 

‘ Tlierc are, of ooumc, cases intermediate between the two extremes where hydro¬ 
phobic colloids do not beliave completely irreversibly on precipitation, but may 
be partially or even completely returned to the colloidal state by addition of 
water (peptisation). Colloids belonging to this group contain molecules which, 
although normally insoluble in water, possess groups wliicli give rise to specific 
interactioiis with water, and thus facilitate reversible sol fonnation. 
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that considerable repulsive forces are effective at comparatively 
large distances. Since the dispersion forces (p. 109), Tvhich form 
a large component of the attractive intermolecular forces between 
the particles, have a much smaller range, the potential energy curve 
of the net interaction passes through a maximum with distance 
from the particle and not through a minimum as in the attractive 
coulombic interaction between ions of opposite sign shown in Fig. 
15. Thus, predominance of the repulsive forces prevents the co¬ 
agulation of the colloid particles and ensures their stability. 

It is more difficult to describe the meehmism of the charging 
of colloidal particles, and the precipitation phenomena brought 
about by addition of neutral salts to colloidal solutions. The 
types of behaviour shown can be best understood if colloidal 
solutions arc treated as heterogeneous systems, where the colloid 
particles are the solid phase and give rise to an interfacial po¬ 
tential difference, similar to that between an electrode and a 
solution, which depends in magnitude on the t]rpc and concen¬ 
tration of the ions present in the solutions. For example, if to 
a 10~* molar potassium iodide solution is slowly added a 10~* 
molar solution of silver nitrate with vigorous stirring, a .silver 
iodide sol is formed. The silver iodide particles are negatively 
charged and migrate to the anode under the influence of aik electric 
field. Just before the equivalence point is reached (at c^, si lO""*) 
the solution clears and silver iodide is precipitated without any 
further addition of silver nitrate. Conversely, if a potassium 
iodide solution is added to a dilute silver nitrate solution, the 
silver iodide particles are positively charged and migrate to the 
cathode. Precipitation then occurs near the equivalence point at 
s 10~', i.e. earlier than in the presence of excess iodide ions. 
These observations illustrate that negative particles arise in the 
presence of excess negative ions and positive particles with excess 
positive ions. It is also clear that I' ions are more strongly bound 
by the colloidal particles than the Ag' ions, and it must be as¬ 
sumed that the excess I' or Ag' ions arc absorbed into the silver 
iodide lattice*, so that the solid silver iodide phase is analogous to 
an electrode which has a definite equilibrium potential in a solution 

' Tlic crystalline nature of the colloidal partides has been demonstrated by X-ray 
and electron diffraction measurements. 
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of its ions. Similar behaviour is observed with other sparingly soluble 
salts and hydroxides, where OH' ions determine the potential. For 
example, the charge on a chromium hydroxide sol depends on the 
OH' concentration in the solution. If the activity of the ions de¬ 
termining the interfacial potential at the colloid particle-solution 
interphase is and the mass of these ions taken up by the 
disperse phase in the formation of the double layer is per 
mol, then the empirical relation between and is 

dy^ = k. din Oj, (42) 

where k is a proportionality factor 

Apart from interchange of “potential-determining” ions between 
colloidal particles and solutions, adsorption of foreign particles 
on the colloid particles also occurs in many cases. The forces 
involved in this adsorption may be of various types between the 
extremes of true chemical binding and weak intermolecular inter¬ 
action forces. The adsorption isotherm which is applicable embo¬ 
dies two logarithmic terms, as is often found for iion-elcctrol}rtes, 
and may be written 

^\ogyt = ^.Ahgc^, (48) 

where 1/n is an empirical constant (Freundltcii adsorption 
isotherm). In contrast with the behaviour expressed by (42), the 
logarithm of the amount of adsorbate here varies linearly with 
the logarithm of the equilibrium concentration in the solution. 
Adsorption on colloid particles of capillary active ions which do 
not determine the true potential, may cause change of sign on 
the colloid particle, or displacement of some of the ions of the 
disperse phase, so that the conditions influencing the phenomena 
can become complicated. 

Since, the stability of hydrophobic colloids has been seen to be 
due to the electric charge on the colloid particles and this charge 
is influenced by the adsorption of ions from the solution, it is 
now possible to consider the mechanism of the characteristic pre- 

^ Tlie change in concentration of the solution after equilibrium with the solid 
phase has been establuilied is nipuBUTpd by some sensitive method, a eonductn- 
inetric or photometric one. The quantity of adsorbate on the solid phase may also 
be obtained directly by Ufung radioactive indicator ions. 
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cipitation ^ of disperse systems of this kind by electrol 3 rtes. General 
quantitative laws governing precipitation by electrol)rtes are diffi¬ 
cult to estabUsh because the charges on the micelles and the accompa¬ 
nying double layer are of a complex nature. Many theories attempt¬ 
ing to relate flocculation to some physical property of colloids have 
been proposed, but hitherto no general relation to account for 
all the empirical observations has been found. If, as suggested 
above, it is possible to regard colloidal particles as a heterogeneous 
disperse system with a definite phase boundary potential between 
solid and liquid phases, then the simpler processet in the precipi- 
hdibn 0 / hydrophobic coUoids by electrolytes can be discussed in 
the following way. 

The simplest view, and one held for a lung time, was that 
electrolytic coagulation of colloids was due to the charge on the 
micelles being wholly or partially neutralised by adsorption of 
gegenions *. Since the stability of the colloid particles is controlled 
hy their mutual coulombic repulsion, neutralisation of these 
charges on each particle results in coagulation and precipitation 
of the colloid caused by the Van der Waals attractive forces. 
In support of this, ampholytes are found to be most easily 
coagulated at the isoelectric point where Zwitter ions, which have 
zero total charge, predominate (sec p. 830). According to this ad¬ 
sorption theory electrolytic flocculation is explained by pastulating 
that the chaiges in the double layer undergo change and cause a 
corresponding fall in the interfacial potential difference between 
colloidal particles and solution. 

However, the above theory breaks down in many cases. For 
instance, it is found that each electrolyte causes flocculation ■ at 
a characteristic threshold concentration which is strongly de¬ 
pendent on the valency of the gegenions of the added salts. It is 
found empirically that threshold concentrations of 1-, 2-, and 

^ The tenns precipitation, coagulation, flocculation, liave approxinuitcly the some 
significance yvh&i refeiring to colloidal systems. 

* The tenn gegenions here denotes all ions of cliarge opposite to that of the micelles. 
” As flocculation is a slow process, threshold concentrations ore not well deflned. 
Accurate photoelectric measurements of turbidity as a flmetion of the concen¬ 
tration of tlie electrolyte enable calculation of comparable threshold oonoentratioiis 
to be made (sec H. A. Wannow, KoU, Z. 1088,05,882, KoU, Beih., 1088,60, 876). 
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8 -valent ions are in the ratio 500 : 50; 1 and that there is also 
some (much smaller) effect of the ions of the some sign as that 
of the colloid particle. The characteristic influence of the valency 
of the gegcnion can only be explained on the above adsorption 
theory of flocculation by assuming that the various ions are 
adsorbed to approximately the same extent; for, since the inter¬ 
facial potential difference varies logarithmically with the concen¬ 
tration Yi of the adsorbed ions,then the fall in potential difference 
must be a logarithmic function of (the concentration of ions 
in the solution). As the adsorption of foreign ions is a specific 
process depending on intermolccular forces, it would hardly be 
expected that all ions would be adsorbed to the same extent. 
Apart from this, it has been shown many times from cataphoretic 
experiments that coagulation does not commence when the mo¬ 
bility of the micelles in the electric field is zero, but rather when 
it is 80 - 50% of its original value; and this means that when 
coagulation begins the colloidal particles still have an appreciable 
charge. An attempt has also been made to explain flocculation 
on the assumption that it is the electrokinetic potential (see 
p. 365), rather than the electrochemical interfacial imtential, 
which is zero, or passes through a minimum, when coagulation 
begins but this view has also experienced little success. 

Thus, even although it has been proved in serveral cases that 
foreign ions do affect the interfacial potential and that their 
adsorption is responsible for the changes of charge on the surface, 
the adsorption theory is still incapable of a general explanation 
of flocculation. It is particularly weak in cases where it is not 
easy to accept the exi.stencc of specific adsorption (which normally 
only occurs in the presence of capillary-activc ions) on the micelles, 
so that their charge would be expected to remain unaffected by 
the addition of electrolyte. 

In this most general case, the mechanism of flocculation can be 
understood on the basis of the interfacial potential between colloid 
particle and solution, if the concept of the structure of the double 
layer at the colloid particle-solution interface is extended, in a 
similar way to Steen’s development of Helmholtz’s theory of 
the electrode-solution double layer (see p. 868). It is now 
considered that the ions which compensate for the charge of the 
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solid phase are present in an “atmosphere” of finite thickness 
comparable with the ionic cloud of the Debye-Huckel theory 
(p. 175). The interfacial potential difference is therefore dis¬ 
tributed over a certain distance from the solid phase into the 
solution and the charge distribution within this layer, i.e. the 
thickness of the ionic atmosphere, is dependent both on the charge 
on the solid phase and on the concentration of foreign ions in the 
solution. Consequently, if, in the absence of specific adsorjition, 
the charge on the particles does not change on the addition of 
electrolyte, the charge distribution in the ionic atmosphere can 
*be expressed as a function of the concentration of added electro¬ 
lyte by means of the Debye-Huckel theory 

Q^dliiatively the phenomena of electrolyte flocculation can be 
understood on this model in the following manner. As has been 
seen on p. 173, for a given solvent at a given temperature, the 
radius of the ionic atmosphere should become smaller the higher 
the ionic strength, i.e. the greater the intcrioiiic attraction. At 
a given molar concentration the ionic atmo.spherc becomes smaller 
the higher the valency of the ions. An ionic atmosphere of small 
thickness signifies an appreciable compensation of the original 
charges on the micelle, so that the mutual electrostatic repulsion, 
which controls the stability of the sol, disappears at .small distances. 
At a sufficiently high ionic strength, therefore, the Van der Waals 
attractive forces overcome the repulsive electrostatic forces, and 
consequently coagulation occurs more readily with ions of high 
valency. Ions of charge opposite to that on the micelles arc present 
in the ionic atmosphere and it becomes clear that coagulation de¬ 
pends mainly on the valency of these io)is of opposite charge. It 
also follows on the same view that ions charged similarly to the 
micelles exert a small effect on the threshold coneentration for 
flocculation, as is actually observed, owing to their effect on the 
ionic strength of the solution. 

(Quantitatively the theory yields the general dependence of 
flocculation on the valency of the gegenioiis without additional 
hypotheses *, but con.siderable disagreement between theory and 

* The llicnnodyiiHinic properties of double Inyets diHvussed in lliu section arc 
treated by S, Lkvine, Phil. Mag., IDuO, [vii], 41, 3a. 

■ See W.H.MOLUin. KoU. Bah^, 1928. SB, 257. 
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experiment occurs in some solutions. However, this BisRgrppmpiit- 
is to be expected, for the adsorption of capUlairy-active foreign 
ions and the resultant changes in charge on the micelles must alsn 
play some part in flocculation apart from the ionic atmosphere 
effects which predominate in the absence of adsorption. It has been 
shown empirically that in many cases coagulation begins for a given 
sol concentration at approximately the same value of the individual 
activity coefficient of the gegenions, calculated from the Debye- 
Huckel theory ^ The repeatedly observed dependence of the 
threshold concentrations for flocculation on the concentration of 
the sol (Burton’s rule) has not yet been completely clarified, 
but is probably also due partly to adsorption effects. 

Dihlioi'rapby: A. S. C. Lawbence, CaUoidi, Annual Rrporit, Chm. Sue., 
London, 1940, 90; £. J. W. Veevet and J. Th. G. Oteebeek, Theory of SkMUy 
0 / nydrophabie Colbridi, Aroaterdam, 194S; J. A. V. Bctlee el aL, Eledrieal 
PKenumma at Inletfoees in Chemistry, Physics and Biology, London, 1951. 


3, Electrokinelic Phenomena 

Up to now, intcrfacial phenomena for static systems, where 
the two phases arc at rest relative to each other, have been 
discussed. If one of the phases is moved relative to the other a 
number of ciiaraetcristic electrokinetic phenomena can be ob¬ 
served which have gained iiripurtancc both in practical and theo¬ 
retical electrochemistry. The followuig closely intcrconneeled 
effects have been observed: 

(a) Colloids suspended in a medium, migrate in an electric 
field tf) cathode or anode according to the sign of their charge. 
This is termed “cataphoresis” or “electrophoresis". 

(b) If, the solid phase is fixed and porous, and is permeable 
to the liquid phase, the liquid moves relative to the solid phase 
in an electric field. This is termed “elcctroeiidosmosis”. 

(c) The converse of electrocndosmosis occurs when a liquid is 
forced tlirough a porous plug. The potential difference set up at 
the plug is termed the “streaming potential”. 

(d) The converse of cataphoresis is the electrophoretic potential 


* Wo. OsTWAiiO, Koll, Z., 10.10, 91 , 1; 1941, 94, 199. 
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which is observed when particles suspended in a liquid move 
under the influence of gravity. This is termed the “sedimentation 
potential”, or “Doen Effect”. 

The first three effects are of practical importance, and are 
particularly useful in the study of the electrical double layer at 
interfaces such as glass-liquid or quartz-liquid. 

(i) Ekctrophoretis 

Colloidal solutions may be regarded as electrolytic solutions 
' in which one of the ionic species consists of very large ions each 
carrying a correspondingly large charge, and consequently the 
laws of ionic migration can be applied to the movement of 
colloidal particles in an electric field. From (I, 55) the mobility, 
i.e. the velocity under unit potential gradient, of a spherical 
particle with charge is 

*** ~ 800P volt/cm. 

at infinite dilution. Here P is the hydrod}7iamic frictional force 
on the moving particle and is expressed from Stokes’s law in 
terms of the viscosity rj of the solvent and the radius r of the 
particle. At finite concentration the particle is retarded addition¬ 
ally in two ways by the interionic attraction, viz., by the electro¬ 
phoretic and relaxation effects (p. IBO), which arise from the 
ionic atmosphere surrounding the colloid particles (sec p. 880). 

Now according to the theory of flocculation discussed above, 
each colloid particle carries a douide layer which extends into 
the solution to a distance dependent on the ionic concentration 
present. To maintain electrical neutrality the total charge 
on the colloid particle is the same as the net charge on the “ionic 
atmosphere”, as in the analogous case of ions. During the mi¬ 
gration of the colloid particle under the influence of the electric 
field a certain amount of liquid is dragged along with it and forms 
a layer of thickness 6 usually less than the thickness of the diffuse 
double layer. An “effective charge” Ae can thus be ascribed to 
the particle and this is given by the charge on the particle itself 
dimished by the charge on that part of the ionic atmosphere 
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which is within the distance t [ix. up to the end of the water 
sheath which is dragged along by the particle), de is thus equal 
and opposite to the charge on the remainder of the ionic atmos¬ 
phere beyond the distance 6. It can be seen that At is hence 
much smaller than the actual charge on the micelle, and 
must depend upon the thickness of the diffuse double layer 
compared with 6. It consequently depends upon the ionic 
concentration in the solution. This is so because, as seen 
in the previous section, the thickness of the double layer 
depends upon the concentration of electrolyte in the solution. That 
part of the diffuse double layer outside the distance 6 may be 
considered to be “sheared off’ the particle, ix. not effectively to 
accompany it during migration, so that Ae is the charge which 
is analogous to in the case of electrolytic conduction. The 
relation for the mobility of the particles becomes, in place of (1,55), 


Ae 


Ae 


«j = 


800.6n 1} (fj-{-d) SOO.OnqOi ’ 


(44) 


where Stokes’s Law has been used to substitute for P, and 
Oj (= -|- 5) is the net radius of the particle, including its attendant 

water sheath; u^ is then dependent on the ionic concentration of 
solution because 5 depends on the concentration. It is usual to the 
introduce the elcctrokinetic potential C of fhe moving particle. 
The substitution is carried out in the following way. The particle 
of radius is treated as a spherical condenser the capacity of 
which is given by 


C = 


800. Ae 


(45) 


where Ae is expressed in electrostatic units and f in volts (see 
p. 611); also, the capacity of a spherical condenser of radius a^ 
in a medium of dielectric constant e is a^B, so that elimination 
of C leads to the equation 


Ae = 


Ceg j 

8o6~ ■ 


(40) 


Substituting for Ae in (44) gives 


“i 


Cs 

800*. dni; 


(47) 
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The mobility of the particle is thus a function of the electro- 
kinetic potential. Further, owing to the fact that the dimensions 
of the diffuse double layer and hence also the elcctrokinetic 
potential, depend on concentration (see p. 880), it also depends 
upon the interionic forces in solution 
The second retarding influence, the relaxation effect, originates 
from the fact that the micelle moves through its own double layer 
which is continuously being broken down behind the micelle and 
built up in front of it (see p. 180). The resulting lack of symmetry 
of the double layer causes a retarding force to be exerted in a 
direction opposite to the motion of the micelles. However, the 
application of the Debye-Huckel-Onsaqer theory of relax¬ 
ation effects to colloidal solutions is difficult because in the theory 
for ionic solutions it is assumed that the size of the central ion is 
small compared with that of the ionic atmosplicre. This is, of course, 
not true for ionic micelles. The expressions derived by use of 
the Debve-Huckel-Onsagee theory are therefore only appli¬ 
cable for very dilute solutions of colloids, where the radius of 
the ionic atmosphci'e, Ijx, is great, i.e. the expression representing 
X. a in 49) is small. There is clearly little possibility of applying 

the theory to colloids in concentration regions of ])ractical interest. 
A more recent derivation of the retardation effects in colloidal 
solutions ^ taking into account the interaction between the relax¬ 
ation and electrophoretic effects leads to an equation for the 
mobility u^ which is similar to (47) but incorporates a series of 
correction terms. These terms arc functions of x. a, i.e. they 
depend on the dimensions of the diffuse double layer and on 
and they differ for symmetrical and asymmetrical electrolytes. 
Equation (47) then becomes 




Ce 


800* 6 n ij 


./(xo,0 . 


(47a) 


' The values of Ui arc of the same order as the mobilities of ordinary ions. Tlicy 

have the value •) to 5.10" * cin./scc. at room tcnii)erBturc (see p. 20.j). If this 

value is introduced into equation (47), there is obtained tlic following expression: 

. 6.3-14.0-01.800". 8. 

f --^-0-07 volt. 

80 

Electrokinetic potentials are hence very small; this is because the charge on the 
micelles is laigely negated by the gegenions flvm tlie double layer. 

* J. Til. G. OvEHiiEEKi KolL IMS, 64, 287, 
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The correction term /(xa, C) has been calculated for various values 
of { and ft. a and is given in tables. At comparatively large f 
potentials particularly (C> 25 mV), the relaxation effect has a 
marked influence on the mobility of the micelles. If the mobility 
»■ is studied as a function of the electrolytic concentration of the 
solution, complex curves with maxima and minima are obtained. 


The shape of the curves is due to the superposition of two effects, 
firstly the change of ^ and secondly, the change of the correction 
term /(xa,C) with concentration of added electrolyte. At suf¬ 
ficiently high ionic concentrations, especially in the presence of 
polyvalent ions, u- decreases with increasing concentration as if 
the double layer were undergoing contraction. Fig. 57 shows this in 
the dependence of the mobility of the particles in a silver iodide sol 
on the concentration of various ions of opposite sign. The above 
theoretical relation is clearly no longer valid when adsorption of 
the ions of the added electrolyte on the colloidal particles takes 
place and in these circum¬ 
stances the experimentally ob¬ 
tained relation between u and 
C often lacks a full theoretical 
explanation. 


Tlie practical delerminaUm of the 
mobility of colloidal particles caii be 
carried out inacroBcopicalJy by the 
moving boundary inetliod, os deBcribcd 
on p. 572. The suBpenaion is covered 
by a suitable liquid and the displace¬ 
ment of the boundary under the 
applied field is followed by Toplku’s 
S chlicrcn method. Alternatively a 
microscopic method is used, where 
tile migration of an individual parti¬ 
cle is followed. Both methods have 
been developed in recent years and 
have yielded results of liigli precision 
(see Chapter XllT, p. 5U2 for experi¬ 
mental details). 

The practical significance of macroscopic electrophoretic experimentSi besides 
ilieir use in the determination of the C iKitential, lies in tlieir application to the 
separation of colloids from one another, utilising tlieir different electrophoretic 
mobilities. Electrophoresis is being used increasingly as a method of purifi- 
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cation of colloids and poBsesBCB the advantage of applying only mild conditions, 
in contrast with chemical methods, so that even labile proteins, for example, 
can be obtained in a pure condition in this way. The mobility can be used to 
characterise pure proteins, for tlie “mobility curves” (plots of ti as a fbnetion of 
pH) show that u changes from positive to negative according to the charge on the 
ampholyte. At the isoelectric point the mobility is zero (see p. 824), and the slope 
of the mobility curve in the neighbourhood of the isoelectric point can also be used 
for the identification of certain proteins. 

A modem type of electrophoresis apparatus as used in the separation of proteins 
is sliown diagrammatically in Fig. 58. The colloidal solution is placed in a U-tubc, 
with compartments which can be effectively joined to or separated from each other, 
for analysis of their contents, by means of air pressure. The upper part of the 
U-tube end the large vessels intended for the Ag-AgCl electrodes ^ are filled with 
a buffer solution of conductance approximately the same' as that of the colloidal 
solution and with which a boundary with the latter is made. The large vessel pre¬ 
vents the products of electrolysis from reaching tlie colloidal solution. By suitable 
design of the cross-section of the tube, the heat exchange with the surrounding 
thermostat is improved. It is the practice to work at 4'’C. (i.f. at tlie density 
maximum for aqueous solutions, where the change of density with temperature 
is very small). In this way convection carrents, which spoil the sharpness of the 
solution boundary, are almost eliminated. Using these and otlier devices it is 
possible for example to separate the various proteins of blood scmin quantitatively 

and in a pure state. 

For tlie measuremmt of ( 
potentials the microscopic 
method is more suitable, if 
the individual particles of 
a colloidal solution arc visi¬ 
ble under tlie microscope. 
The migration of the parti¬ 
cles under the field of vision 
is directly observed and 
measured in a capillary cell 
using a travelling micro¬ 
scope. Account must be 
taken of the fact that the 
measured (apparent) veloci¬ 
ties of the imrticles depend 

^ The Ag-AgCl electrode is used because when it functions os on anode the deposited 
chlorine forms AgCl and when as u catliode the AgCl is reduced to Ag with the 
formation of HCl. Thus in neither case are bubbles produced which would disturb 
the boundary. 

* The conductance of this solution should be approximately the same as tliat of 
the colloidal solution so that no differential heating effects occur on [lassage of 
a current. 



Cataphorcsis apparatus according to Tibeuub 
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on the dietanoe of the particles from the wall of the cell. The apparent velocity 
is composed additively of the actual velocity, and the velocity uo of the 
liquid due to electro-endosmosis (see p. 88B). The dependence of the streaming 
velocity Ug of the liquid on the radius A of, say, a cylindrical cell, may 
be calculated if the cell is dosed from outside so that the liquid streams 
in one direction at the walls of the cell, but in the opposite direction in 
the middle of tlie tube. Considering the case where the partides are nega- 
tlvdy charged, then if motion towards the anode is taken as positive, the 
colloidal partides near the wall of the cell will have an apparent velocity u, + tio, 
whilst tliose in the centre of the tube will apparently move with a vdocity 
iig — ifo. It is found ‘ that only at distaiiees 
of 0-208 B and 1-707 R (where R is the 
radius of the tube) will the apparent velocity 
be tile same as the real one. Thus, in a plane 
possiiig perpendicularly through the axis of 
the cell tliere is a parabolic distribution of 
vdodties as shown in Fig. 59. The experi- 
niental points for the experiment illustrated 
in Fig. 59 arc derived from obscrvatbns 
oil oil emulsions and agree witli the calculated 
curves within the limits of error of tlie method. 

It is dear, then, that the true mobilities of 
the colloid particles can be obtained from 
iiiensurements of tlie apparent vdocity at 
known distances from the wall of the cell. Fig. 59. The effect of dectioendos- 
Agreement of tlie microscopic with the macro- niosis ufion the mobility of colloids 
RCopic method is good. in electric fields 



^ liCt tlic radius distance from the eentre of the tube to a given point in the liquid 
lie r and the radius of tlie tube be A. The total transport of liquid per second 

M 

through the tube iaf Vf 23 tr dr, where Vr is the velocity of transport at a point r, 
0 

This integral is clearly zero for a dosed tube. The distribution of velocities in such 
a case is given * by F, = (r* — c,), where Cj and Cg arc constant. Ucnce, 

y Cl (r* — C|) 2nr ifr = 0, and c, = A*/2- Therefore, F, = Cj (r* — AV2). Wlien 
0 

V, = 0, the vdocity of tlie particles is their own true velocity and the distance 
at whidi this occun is hence at r = A/|/^ = 0-707 A. llrnoe, measuring from 
the wall of a tube, the distances at which the electrophoretic vdocity will lie 
the real velocity me 

(1 — 0-707) A = 0-298 A and (1 + 0-707) A = 1-707 A . 


* S. Mattson, J. Phya. Chm., 1988, 37, 223. 
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(ii) Ekctroendosmoais 

Electroendosmosis is one of the earliest known electrochemical 
phenomena, and it was discovered shortly after the decomposition 
of water by an electric current had been recognised. Fig. 60 shows 
diagrammatically an apparatus for the measurement of electro- 
osmotic pressure. In this figure, D ha. diaphragm permeable to 
the liquid. When a potential difference is applied between the 
electrodes the liquid migrates in a direction characteristic of the 
nature of the diaphragm and of the liquid. Migration causes the 
meniscus in the capillary K to be displaced and the hydrostatic 
pressure thus produced leads to the esstablishmcnt of a stationary 

state, because a tendency 
to stream back arises in the 
liquid due to this pressure. 
The direction of streaming 
in elcctroendosmosis may be 
decided by applying an em¬ 
pirical rule whereby the 
phase with the higher di¬ 
electric constant is positively 
charged with respect to the 

Fig. «0. App»rat.u* for the meBauren.nrt of Other phase. On account of 

the electin-cnodiinotic piesaurc (schematic) the high dielectric constant 

of tvater aqueous solutions 
usually migrate towards the cathode and the walls of the diaphragm 
become negatively charged. 

Electroendosmosis is fundamentally the same as electrophoresis, 
but differs in that the solid particles form a porous, immobile 
aggregate and cannot thus themselves migrate under an applied 
potential difference. The distinction may be appreciated by con¬ 
sidering the diaphragm replaced by a single cylindrical capillary 
of radius r (sec Fig. 61 ). Let it be again assumed that a 
Helmholtz double layer exists at the surface of the solid phase, 
and that the liquid side of this is somewhat diffuse, due to 
the thermal energy of the liquid which also influences the di¬ 
mensions of the ionic atmosphere. Let it further be assumed 
as before that a fixed liquid layer exists on the wall of the 
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capiUary and that this extends out into the solution to a distance 
less than the thickness of the total double layer It follows that 
an excess 
charge At 
niust be as¬ 
cribed to 
the solution ^ 
and this in- 
teracts with 
the electric 
field causing 
theliquidto 
move. The 

excess charge on the solution gives rise to an clectrokinetic po¬ 
tential between the solid phase with its attached liquid layer and 
the bulk of the solution. This potential difference is related to 
the velocity of clectrocndosmosis by an equation similar to (47), 
which can be deduced from considerations analogous to those 

on p. 388 \ and is v. 

M,, =_ SI - (48) 



Here denotes the streaming velocity at a field strength of 
1 volt/cm. The amount of liquid streaming through the capillary 
in unit time then follows as 


dV . c 

-- =nr.Ug.t— - -- 

dt " SOQP.irj 


£ . 


(49) 


where C is in volts, and E is the applied potential difference. 

This equation applies when the streaming liquid can escape 
without setting up a hydrostatic pressure. In the case of the 
arrangement shown in Fig. 60, where a stationary state is set 
up, liquid flows along the walls of the capillary in one direction 
and returns through the eentre of the tube owing to the hydro¬ 
static pressure set up *. For laminar streaming, using Poiseuille’s 


^ If the electrophoresis is of cylindricnl and not spherical particles, the denomi¬ 
nator of (47) contains tlie factor 6 instead of 4, and tlie equations for electro- 
endosiiiQsis and electrophoresis become identical. 

* As in the inicioscopic method for electrophoresis there is also a stationary layer 
here. It can be shown to lie at from the axil of the capillary. 
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law, it follows that the rate of backward streaming through the 
tube is 


dr Ap.nr* 
dt ~ Srjl ’ 


(50) 


where I is the length of the capillary. 


dV dV’ 

In the stationary state and hence, 


800*4^ 8i}{ ■ 

From this, the electro-osmotic pressure follows as: 

. 2Cel - 

dp = --.£ . 

^ 800* 


(51) 


(52) 


The electro-osmotic pressure should thus be inversely proportional 
to the square of the radius of the capillary and this is approxi¬ 
mately confirmed by measurements with glass capillary tubes. Tlic 
electrokinetic potential can also be obtained from measurements 
of Ap, as all the other terms in (52) can be determined. This 
potential is of course affected by addition of electrolyte to the 
liquid in the capillaries, i.e. by alteration in the thickness of the 
diffuse double layer at the surface of the solid phase. Here again, 
however, the phenomena become unclear, owing to ionic adsorp¬ 
tion effects. 


Besides the use of electrophoresis for the aeparation of proteins tn tlie pure state, 
mentioned above, both eleetrophoreBis and electroendoBmosia are of conudcrablc 
practical and some technical importance. Their importance in thero respects lies 
mainly in their use for the purification and deposition of certain materials which 
cany cliarges of like sign in the oolloidal state, and can therefore be separated by 
electrophoresis from uncharged or oppositeiy charged impurities. I'his principle 
is used in the tiectropharetic purificatim of clay and kaolin. The clay is made into 
a sludge with water and acquires a negative charge which is increased by the 
addition of small quantities of alkali (containing potential-determining OH' ions). 
The suspension fonns a stable colloid while impurities are deposited. By then 
subjecting the suspension to electrophoresis the coUoidal particles are deposited 
on a rotating metal cylinder functioning as anode and are thus continuously re¬ 
moved. At the same time dehydration of the clay occur. Other processes carried 
out in a similar way are the electrophoretic dehydration of peat, the deposition 
of crude rubber from rubber latex and the purification of lime and gelatin, elc. 
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In many cates it Is possible to deposli eo/Mb cm iiisfdl slafnid^ so that adherent 
deposits are fanned. For example, using a solvent mixture such as acsetone-water 
as dispersion medium, rubber or graphite coatings can l^e produced. Filaments 
for use in valves, ele., are also obtained in this way by depositing cnlln iHui napim Ain^ 
of alkaline earth metal carbonates on an electrode, 

Spedai drefro-osnuilic lechniguef are also used for dehydration, using w titable 
diaphragms charged in the appropriate sense relative to the solution. Since the 
flow of liquid per unit time increases with field strength, high applied potentials 
are used and the electrokinetic potential at the diaphragm is made as large as 
possible by the addition of small quantities of electrolyte (usually containing HgO' 
and Oil' ions). In this way pure silicic acid can be prepared from watcrglass solu¬ 
tions, and pure alumina from a solution of an aluminate. The waterglass solution is 
placed in the anode compartment of the electrolysis ecll which has an alumina dia¬ 
phragm. EiecttolyaiB is first carried out at a low potential when the alkalis migrate 
Inwards the cathode compartment. As this process continues the potential difference 
across the cell rises as the conductance of the solution decreases, and eiectroendoBmoBis 
starts to take place. Since the alumina diaphragm is negative relative to the solution, 
liquid is transferred from anode to cathode compartments, and finally, a very concen¬ 
trated silicic acid solution remains. By using a positively cliarged diaphragm any other 
acids present may be subsequently removed, in which case the solution is placed in 
the cathode compartment of tiic cell. The migration of the foreign anion into 
the anode compartment is then assisted by the electroendosniotic transport of 
water which streams towards the anode. Most diaphragms used in these experi¬ 
ments arc negative with resiicct to tlie solution, hut positive diaphragms may he 
made of MnOg, FlvOg, and similar oxides. 

The eleciwphoraiu 0 / gaseous colloids (aerosols) also has considerable technical 
importance. Solids or liquids highly dispersed in the form of smokes or fogs are 
often extreiiieiy stable and thus difficult to break down. The electrical charge 
on the particles in aerosols docs not play the same essential port in determining 
tile stability os it does, for example, in hydrosols. Tiic cliarges are usually small, 
whilst positive, negative, and uncharged particles all occur together. Indeed, it 
is difficult to prepare aerosols of siniilarly charged particles \ for the cliargcs on 
the particles usually depend on the condensation or attachment of molecules to 
ions already present (condensation nuclei) or upon a subsequent adsorption of these 
ions. Ions can also be produced nicclianically by friction, and thereby laigc electrical 
charges can accumulate and give rise tu dust explosions. Accumulations of charge can 
also arise tluougb the break-up of larger drops of liquid (hallo- or waterfall ekctricity). 

To olitoiii rapid migration and deposition of aerosols the number of charged 
particles should be increased, and this condition may be achieved by a point dis¬ 
charge on a cathode to which is attaclied a thin wire emitter electrode surrounded 
by B cylindrical anode. A strong field (several thousand volts) is applied so that 
the cathode emits electrons which ionise the gas molecules by impact (see Chapter 
XII), The gaseous ions then act as oondensation or attractive nuclei for the 


^ Such aerosols do, however, occur in natural fogs and in storm clouds, and show 
an unusual stability owing to mutual repulsion between the charged partides. 
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colloidal particles and mij^rate with their attached partides to the electrodes 
where they are de|X)sited. Uncharged particles also move because tliey beconiee 
polarised in the strong non-lioinogeneotis field. The induced dipoles not only 
experience a turning inoveineiit, us in a homogenous field, but ore also subjected 
to a force which removes them to positions of liigher field strength. Before tlie 
eleeiJodes are reached dipole interaction causes a polar attachment of the particles 
to each other (see p. 105). liong threads of particles then arise which increase slowly 
in dipole moment, thereby inducing a greater at;c«leration towards the (smalicr) 
electrode where the field strength lias increased. In the electrical condensation of 
smokes, etc., it is hence the polarisubility as well us the charge on the colloidal 
particles which is important. 


(iii) Streaming PotentiaU 

If the process of electrophoresis is reversed and the liquid is 
forced through a capillary a potential difference called the 
streaming potential arises between the ends of the capillary. The 
potential difference can be measured by using two normal elec¬ 
trodes connected to the liquid in the capillary by means of a 
siphon tube containing agar-agar solution with KCl present. The 
origin of the streaming potential may be pictured as follows. It 
has been seen that one part of the double layer remains firmly 
attached to the surface of the .solid phase while the remainder 
is diffuse in the .sense of an ionic atmosphere (c/. Stern’s theory, 
p. 368). When liquid streams over the surface of the solid phase, 
ions of the same sign in the diffuse part of the double layer arc 
swept away and the ends of the capillary become oppositely 
charged. The .streaming potential thus set up causes ionic mi¬ 
gration and a .stationary .state is eventually reached. The magni¬ 
tude of the potential difference Aip must also depend on the 
conductance of the solution. At equilibrium the amount of current 
t' carried by the streaming liquid must be equal to that carried 
by the countercurrent of ions. The latter ionic current i can be 
found by applying Ohm’s law and is 

70 ^ 

. = ^ = , 

where x is the specific conductance of the liquid, and r and I 
arc the radius and length respectively of the capillary; i' is found 
by multiplying the excess charge Ae of the streaming liquid 
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compared with that of the immobile liquid layer (see p. 882) by 
the velocity V of the streaming liquid. Since % depends on Ae, 
it varies with the elcctrokinetic potential C, in addition to varying 
with the applied pressure P which forces the liquid through the 
capillary. It can easily be shown that 


i' = 


Cer« 

illl 


The equilibrium condition i = i' then leads to the following ex- 
pres.sion for the streaming potential: 


4^1}.X 


(58) 


It thus appears that the streaming potential should be directly 
proportional to pressure and inversely proportional to the specific 
conductance of the liquid provided laminar flow exists. The 
equation complies with the facts fairly weli» but discrepancies 
observed at low pressures indicate its approximate nature 


Bibliography: Adrahson, Muykr and GiOrin, Ehscfr^tphmtsis of Proteifia, 
Keinliold, 1D42; L. G.LuNO^s worth, Rrvi^s of the Trehniqw and Theory of Ute Eleclro- 
chemutry of Proteins, /Inn. Nav York Acad. Set., IMS, 4G, 211; F. Booth, TJipory 
Ilf l^^ektrokinetic KflriftK, Aature, lIMiH, 181, B.‘); J. A. V. Butler al.^ Electrical 
Properties of Intafacvs in Chemistry, Physics and Biold^, London, 1D51. 


^ Fore more exact relations, see S, M. Neale, T'rana, Faraday Soe,, 1D46, 42, 478, 



CHAPTER XI 


IRREVERSIBLE ELECTRODE PROCESSES 

The greater part of the preceding material in this book has 
dealt with phenomena taking place in the bulk of the solution. 
In Chapters VII and VIII electrode potentials and galvanic cells 
were discussed as far as thermodynamically reversible processes 
are concerned. The property of reversibility made it possible to 
discuss these processes in terms of thermodynamic theory without 
reference to the detailed mechanism of the processes taking place 
at the electrode-solution interface. No net current flows across 
the interface between a reversible electrode and the solution. The 
majority of electrode processes (e.g. those taking place in electroly¬ 
sis), however, involve the passage of a net current across the 
electrode-solution interface. These processes take place at a finite 
speed. They are spontaneous, i.e. thermodynamically irreversible, 
and cannot therefore be treated directly by thermodynamic 
methods. 

A considerable section of electrochemistry is concerned with 
irreversible electrode processes, the mechanism of which will be 
studied partly upon the basis of the knowledge of tJic electrical 
double layer (Chapter X). 


1. Definition and Hensurement 

When a current flows across an electrode-solution interface it 
is normally found that the electrode potential changes from the 
reversible value it possesses before the passage of current. In a 
galvanic cell, passage of a current would cause the potentials of 
both electrodes in the cell to change from their reversible values, 
so that the e.m.f. of the cell would be different upon passage of 
current from the reversible e.m.f. measured when a counter c.m.f. 
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is applied to the cell in such a way that no net current flows. The 
departure of the e.m.f. of a cell, or of an electrode potential, from 
its reversible value upon passage of a current, and phi»nnf nf>nfl 
directly connected with this departure, are called “polaruation” S 
and the electrodes or cells are said to be polarised. 

A more specific term of similar meaning to that of polarisation, 
is merpotentud (or cvervoUage). The oveipotcntial of an electrode 
is the difference in potential between an riectrode across which 
passes a certain current density (c.d.) and a reversible electrode 
in the same solution. The overpotential of an electrode at a current 
density of i is represented by i.e., 

Vi = ei — e,, ( 1 ) 

where e^ is the electrode potential whilst current at t amps, per 
sq.cm, is passing across the electrode-solution interface. 

Various types of overpotential may be distinguished. Thus, in 
some electrode processes a film of oxide or some other substance 
forms on the electrode surface and sets up a resistance to the 
passage of current across it. If the current strength is I and the 
resistance of the electrode surface is R ohms, this ohmic over- 
potential is then given by IR. The ohmic overpotential at an 
electrode cun reach considerable values, e.g. several hundred volts. 
What may be termed an ohmic pseudo-overpotential is also ob¬ 
served when the Luggin capillary tip (see p. 399), u.sed in 
measuring the potential of the electrode, is at an appreciable 
distance from the electrode surface; * an ohmic pseudo-overpo- 


^ This term ahoiild iiiU be confused with one of the same name in dielectric theory. 
Strictly, use of the term polarisatioii should lie preceded by “electrolytic” or 
“dielectric”, accordine to the case in point. 

' Let it be the resistance between the electrode (considered here as a plane siirfuce) 
and the equipotential surfoue of area A equal to that of the electrode, and in 
whicli the capillary tip is situated. Let the cross sectional area of the tip of the 
Luouin capillary be dA and the resistance of the colunm of electrolyte between it 
and the electrode be dB. If the current strength is i, the current flowing tiutiugh 

dA 

the electrode-capillary column is I (or d/). The resistance of the column is 


A 

correspondingly R — (or dB). Tlie ohmic pscudo-overpotential is dldB, i,e, IB. 


It depends, therefore, upon the current density, electrode area and distance from 
the electrode of the capillary tip, but it is independent of the radius of the latters 
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tential is then included in the true overpotential of the electrode 
solution interface, oning to the passage of current through the sec¬ 
tion of electrolyte between the cathode tip and the electrode surface. 

This pseudo-overpotential only becomes appreciable at high 
current densities or low concentrations. At very high current 
densities (e.g. t > 10 amp. per sq.cm.) even in concentrated so¬ 
lution (e.g. 5N aqueous HCl) it is considerably larger than the 
true overpotential of the electrode and has to be eliminated by a 
special method of measurement (see p. 400). The total ohmic 
overpotential is represented by tjg. 

A second type of overpotential is caused by the existence of 
a difference in concentration of the ions between the electrode- 
solution interface and the bulk of the solution. Thus, suppose a 
silver electrode is placed in an aqueous solution of silver nitrate 
of concentration Cg and polarised at a current density of t amps per 
sq.cm., then the concentration of ions at the clcetrode-sohition inter¬ 
face, c,, will be less (assuming the process to be a cathodic (»ne, i.e. 
to involve deposition) than that in the bulk of the .solution. The 
potential of the working electrode {i.e. the one across which a 
current is being passed) hence depends upon c, wdiile that of the 
corresponding reversible reference electrode, against which the 
potential of the working electrode is measured in the determination 
of its overpotential, depends upon c^. There is thus a difference 
between the potentials of the working and reversible electrodes. 
This type of overpotential is termed “concentration overpotential”. It 
forms the basis of polarography and polarographic analysis. 

The third type of overpotential is concemed with the reaction 
occurring upon electrolytic dcpo.sition of ions or evolution of gases. 
In most electrode processes it is found that after making allowance 
for the ohmic and concentration overpotcntials, the electrode still 
exhibits .some overpotential, which is particularly marked, for 
example, in the evolution of hydrogen and oxygen. This over- 
potential is connected with the energy of activation of the rate 
controlling reaction in the process of transferring the solvated 
ions on the solution side of the double layer to the final state either 
in the metal surface or as evolved gas. This rate controlling process 
is affected by the potential of the electrode and can only occur 
at appreciable speeds if the electrode potential is displaced from 
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the reversible value towards more negative values for cathodic 
processes and more positive values for anodic processes. As the 
increase in the velocity of the rate controlling process brought 
about by the electrode potential is equivalent to that which would 
be caused by a reduction in the activation energy of the process, 
this type of overputential is termed activation overpotential, 

1 Ailivatinn uverfMitential as here defined is Bometinies divided into two siib- 
groiips. The first is termed ^tFonsiHm wt/rpoUniiaiV which is activation overpotential 
in those cases where the rate controlling process is that of passage over on energy 
barrier between tlic solution and the electrodci e.g. the evolution of hydrogen from 
aqueous acid solutions wliicli at some electrodes is iwntroiled by the rate of dis¬ 
charge of protons adsorbed in the lIr.i.iHiiOLrz section of the double layer at the 
eieetrode-Bolution iiitcrface. The second sub-group of activation overpotential is 
termed '‘rtaciim (or chemical) merjwiai(ifU\ by which is meant activation over- 
fioteiitial in tliosc eases where the rate controlling step is a chemical rcactioii, e.g. 
the coiiibiiiation of two hydrogen atoms to form a hydrogen molecule. These sub¬ 
divisions arc not at present of great use, however, liecause they require knowledge 
of the riitc' rontrolliiig step in the process before the type of ovcr|H)tcntial can be 
named, and this is in some cusra os yet speculative. 

* Note on Dectmiponiimi VoUnge, 

When the applied potentiid ilifferenec across two electrodes in, e.g., an aqueous 
solution of sulphuric acid, is increased the poteiitiul-ciirrent relation is as sliown 
in Figure G2. The applied po¬ 
tential differeiuT corresitondiiig 
to tlie fioint of sudden inflect- 
ion is tiTiiicd the decomposition 
voltage of the siibstani^ under¬ 
going elcctrolyKis, for it is at 
the corresponding applied poten¬ 
tial that free deposition of ions 
from the eiectrol\le eniimienccs, 
i.c. ttiut the electrolyte begins 
to undergo ilccoinpONition at an 
appri'^ciable ratt\ Suppose that 
tlu; electrodes in the system be¬ 
have 08 ideal reversible electro¬ 
des. Then, the dccoinposition 
voltage represents the siiiii of 
the two reversible deposition po¬ 
tentials of tlic ions being deposit¬ 
ed. The cell reaction consists 
in the decomposition of the elec- Fig. G2. The relation between current density 
trolyte, and hence the. free energy through a cell and the applied potential difference, 
cliaiige in this process must be P corresponds to the “decomposition voltage’' 
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The overpotential, i}, observed at an electrode under given con¬ 
ditions is defined by the sum of the three types of overpotential 
described above, t.e., 


*J = ’Jo + %+»?^- (2) 

To examine the ohmic, concentration or activation overpotential 
separately it is necessary to reduce the other types of overpotential 
to ne^gible values. True ohmic overpotential can generally be 
recognised easily, since it is usually very much larger (particularly 
at higher current densities) than the other types of overpotential. 
Concentration overpotential can be studied if the absenceof resistive 
films upon the electrode is ensured and an electrode is chosen at 

given from (VII, 5) by —nJF Ei. This expression is sometimes of use in obtaining the 
free energy of formation of, for example, oxides or sulphides of metalluigieal unpor- 
tanoe, where tlie decomposition voltage obtained upon electrolysis is sufficiently 
ftee from irreversible components and thus gives an approximate value of — JG.' 

More usually, considerable (activation and concentration) overpotential arises 
at the electcodes during the measurement of a decomposition voltage. Further, as 
the applied potcntiiil Vetwren the electrodes is measured, an ohinic pseiido-over> 
potential dependent upon the dimensions and eoncentration of the electrolyte 
between the electrodes, the specific resistance of the electrolyte and the cinrent 
strength is also included. The value of ttie decomposition voltage eould thus in 
general be represented by 

Ei — CaA' — + Zt] IR , 

where Caa' and Sbb' are the reversible dejiositiDn potentials of the ions A and H 
at Uie electrodes A' and B', represents the algebraic sum of the activation and 
concentration overpotentials at both eJeedrodes at the current density of tlie point 
of sudden inflection, I represents the current strength and R the resistance between 
the electrodes. In the genernl case, tliercforc, decomposition voltage depends also 
u}>on irreversible processes, so that the free eiieigy of the cell reaction (see above) 
is not always derivable from it. In practice it seldom leads to infumiation of value 
equal to that obtained from measurements of the potentials of single electrodes at 
various current densities, and it boa no simple physical significance. 

Fig. 02 shows the cxistenoe of a small current which flows before tlie 
decomposition voltage, and whicli disobeys Ohm's Law. This current depends upon 
a small but appreciable rate of deposition of ions before the actual reversible de¬ 
position potential has been reached and upon tlie fact that current is used in making 
up for electromotive substances near the electrode which diffuse away with time. 
Botli the deposition rate and the rote of loss by diffusion increase with increasing 
potential, in accordance with the facts illustrated in Fig. 62. 


^ H. J. T. Elunobam, •/. Soc. Chem, Ind., 1944, 83, 125. 
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which the activation overpotential is negligible (e.g. a mercury 
electrode in an aqueous mercurous nitrate solution^. The activation 
overpotentUl can be examined in the absence of reinstive films, 
if the concentration overpotential is diminished to negligible 
proportions by rapid agitation of the electrolyte in the vicinity 
of the electrode so that the diffusion of ions to the electrode 
surface is increased and c, becomes practically equal to c^. 

An immediate experimental distinction between the three types of overpotential 
can be nude by an examination of their ratea of decay with time, after the eeS' 
aation of the polarising current. Ohmic overpotentUl decays instantaneously,* 
eoncentiaticm overputential decays stoiriy fidlowing no .simple Uw, and activation 
overpotential decays exponentially, with respect to time. 

Overpotential can be measured in two fundamentally different 
ways. In the “direct method', the electrode under examination is 
connected to a reference electrode, the connecting tube being 
drawn out to a small diameter (Luooin 
capillary, see Fig. 68) so that when its tip is 
very near to the electrode no appreciable 
potential difference arising from the ohmic 
potential drop in the solution (ohmic pseu¬ 
do-overpotential) is included in the observed 
e.m.f. of the cell (seep. 395). Athigher current 
densities, the pseudo-ohmic overpotential be¬ 
comes appreciable, even though the Lugcin 
capillary tip is nearly in contact with the elec¬ 
trode. Underthcseconditions one oftwoalter- Fig. 68. 

native methods can be used for themeasiue- Ltjomh capiiisiy in 

ment. The direct method may be modified "* *•“*"»* 

by making measurements on a series of Luooin capillaries at vari¬ 
ous distances from the electrode, where an extrapolation to zero 
di.stancc between the electrode and the Luooin capillary gives the 
overpotential in the absence of an ohmic component Alternative¬ 
ly, the "indirect or commutator method* may be used to avoid the 
problems of the ohmic overpotential. In this a commutator is used 
to connect the working electrode alternately with the polarising cir¬ 
cuit and the measuring circuit. Thus, when the potential of the 



* A. M. Azzam, Thetis, Londun, 1D4B. 
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electrode is actually being measured, no current is flowing between 
cathode and anode and therefore the ohmic overpotential is momen¬ 
tarily zero. The difficulty of this method is that as the measurement 
is made after the polarising current has ceased to flow, the recorded 
electrode potential tends to be less than the actual electrode poten¬ 
tial owing to decay of the potential with time. However, if measure¬ 
ments are made at sufficiently short intervals after the cessation of 
the current, there is no significant error introduced in this way 
Increase of current density causes the rate of decay of the electrode 
potential to increase, and thus tends to increase the error of the 
commutator or indirect method, which hence cannot at present be 
used atcurrent densities above aboutlamp./sq.eni.Athighercurrent 
densities the modification of the direct method, mentioned above, 
must be used. The main advantage of the commutator method 
is in making measurements which are free from true ohmic over- 
potential, i.e., from the ohmic resistive effects caused by films, 
rather than for avoiding the comparatively small ohmic pscudo- 
overpotentials often associated with the use of a cathode tip, in the 
current density range in which the commutator can be used. 


2. Goneentration Overpotential 

(i) The Diffusion Controlled Current at a Stationary Surface 

It has been pointed out (see p. 396) that during cathodic 
deposition of ions at an electrode, the activity of the ions in the 
vieinity of the electrode-solution interface will be less than that 
in the bulk of the solution. The rclatiun between the concen¬ 
tration and di-stance from the cathode is given by the curve AB 
as shown in Fig. 64. For the purposes of the elementary theory, 
it is more convenient to consider the concentration to change 
linearly with the distance from the electrode and to become equal 
to that in the bulk at a definite point C. The distance YC is termed 
the thickness of the diffusion layer, and is represented by d. This 
di.stance is effectively the thickness of the diffusion layer, which 
really extends from Y to B. 

The comparative lack of ions in the vicinity of the electrode 


^ A. Hicklinq, Trant, Faradny Soe., 1037, 33, 1540. 
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induces ions to dif¬ 
fuse towards the elec¬ 
trode and the rate of 
this flow can be cal¬ 
culated from Fick’s 
diffusion equation, 
according to which 
the rate of diffusion 
of an entity is pro¬ 
portional to the acti¬ 
vity gradient across 
which it diffuses. 
Hence the rate of 
diffusion of ions to 
wards the electrode 
is proportional to 




CDDRentration-djutanoe relation in the vicinity of 
a cathode during ionic deporition 


per sq.cm, of an electrode surface, where a is the activity of the 
given ionic .species in the bulk of the solution, and a, that at the 
surface of the electrode. Tlie rate is hence equal to 

^ ( 8 ) 


where Z> is a constant termed the diffusion coefficient. 

In addition to the transport by diffusion, some ions arc trans¬ 
ported in a cathodic process to the electrode by means of electrolytic 
transport according to Faraday’s Laws. Thus, if the current density 
is i anip./sq.cm., the number of gram ions of valency £ transported 
in this way per second to one sq.cm, of the electrode surface is 


as the positive ion deposited carries a fraction n+ of the electroly¬ 
tic current. 

It follows that the total rate of transport of cations towards 
the cathode is 
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I> , v,”+» 


This must be the same as and hence 

zr 

D 


^(1—n+)=-(a— 0 ,), 


or, 


DzF . . 


(») 


( 6 ) 

(7) 


As the current density t is increased, the value of a, decreases. 
The limiting value of a, is clearly zero and from (7) it is seen 
that zero value of a, corresponds to a maximum value of the 
current. This maximum value of the current for the deposition 
of a single ionic species is termed the limiting (or transition) current 
for that species. It follows from (7) that the limiting current ij^ 
is given by 


DzFa 

(8) 

1 

1 

+ 

DzFa 

(9) 

~ 6n ’ 


where n represents the sum of the transport numbers of all the 
ions w'hich are not discharged at the electrode considered. 

.'.ij^^ka, ( 10 ) 

where ft is a constant of meaning given by (9). 

For many purposes [e.g. in polarography, sec section (v)], it 
is desirable to introduce into the solution an excess of an indiffer¬ 
ent electrolyte which carries virtually the whole of the current. 
In this case, n — 1 and hence 

DziFoi 

where is the valency of the ions of species i, having an activity a^. 

As is the maximum possible rate of deposition of a given 
species, any attempted further increase in the current must result 
in a rapid shift of cathode potential from values covering the range 
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over which the ionic species considered above can be deposited 
to a range at which some other ionic species can deposit. In a 
system containing only one species of metal cations in aqueous 
solution, this other ionic species must necessarily be hydrogen. 
The theory of the change in potential taking place at the limiting 
current will be examined later (p. 407). 

The above equations have been evaluated with specific refer¬ 
ence to a simple deposition process, e,g. the deposition of silver 
ions onto a silver electrode. They apply in addition, however, to 
all diffusion controlled processes, so long as the steady state 
associated with the potential is rapidly attained. Thus, they apply 
to anodic processes and to oxidation-reduction processes. The latter 
may be cither oxidation-reduction processes involving ions {e.g. 
Fc" ^Fe") or those involving neutral molecules e.g. quinone -»■ 
hydroquinone. For an oxidation-reduction process, z is the number 
of electrons transferred during the electrode process. 


(ii) Thr Dijfimmt Layrr 

Befiirc* l•ulcllLltil)llH of the limiting current for a given ionic species can be nuide 
from the equations of the last section, it is necessary to determine the value of 
(9, the thickriciiB of the diffusion layer. Considering the motion of the given ionic 
sficcieH towards the eathude, Ficr’s diffusion law can be applied in the following 
wayIf tile concentration gradient is dr/dz, the quantity of the s]H^eics traDsferred 
\wr second is —/). (It/dx. If the diffusion velocity is Un, the amount in gram ions 
trunsrerred |H!r seeniid is also UjjC , where c is the coiiceiitnitiuii in grain ions per cc. 

Hence, 


and therefore 


Mjl . c = — 



(12) 

D dc 
c dx * 

(la) 


= —r -37 


This value for the diffusion velocity cun then be substituted in the equation for 
tlie vistvnu rc;sistaiice offered to the }mssage of the inns and this is given by Storks' 
IfUW as 

D fk 

—dnrri-j —. ( 14 ) 

The driving force in diffusiun was shown by Einstein on quite otlicr grounds to 

^ Pick's Law should lie coniM^med, strictly, with activity gradients. Tlic relevant 
activities are, however, usually small, and are assumed here to be identical with 
the values of the concentration. 
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be also given by 

e dB 

In the steady state it therefore follows that: 

kT de ^ D dc 

- . — = ——— 

e das * e dm 

Or, 



(15) 

(16) 
(IT) 


Considering, now, thic electrolffHe migration of tlie ions at infinite dilution, where 
the interionic forces can be neglected, the equation governing motion in a steady 
state is 

(^Tirriv, (IB) 

where X is the applied electric field, Zi the valency of the ion, and v the ionic velocity. 
Hence, 

J^ = 6nrri ( 1 ») 

where tii u the ionic mobility. 

Eqiutions (17) and (19) both refer to the transport of the ions in one and the same 
solution and hence are oomparalde, so that 


D'.it 



;4 = SifB,, 


( 2 «) 

( 21 ) 


where ^4 is the limiting; equivalrjit conductance of the ionic sf)ccies. Hence, 


__ *T RT . 

■* F zfP **' 

Thus, substituting the value for D into (11) and extracting d, one obtains 

' R\ X,Tc 


'--(I)- 


( 22 ) 


(23) 


so tliat the tliickness of the diffusion layer can be ohbiined cssentiully from »ii 
experimental determination of the limiting euirent, the other terms generally being 
known. The numerical evaluation of equation (2.3) with It in joules, i.e. S'SIS, and 
Fin coulombs, i.c. B0,5UO, gives the thickness of the diffusion layer in cins. according 
to the equation 

d = 8-02. nr* —c cm., (ii) 

with the concentratiim in g.ions per cc. of solution. 

For various types of electrode processes {e.g. redox processes, deposition of metals, 
discharge of anions, etc.) the value of 6, obtained by the application of equation 
(24), is 0-05 cm., in tinsiirred aqueous solution. Mechanical agitation of the solution 
and incrcBsc of its temperature reduce the value of 6 which, for vigorous agitation, 
may reach a limiting value of about 0-001 cm. Tlie effect of temperature is relatively 
small. Kcfcrence to equation (B) shows that decrease in 6 results in increase of 
ii ,, t.e. tile limiting current density for the deposition of a given species can he raised 
considerakdy whilst still maintaining 100% current efficiency. Efficient agitation of 
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tlie solution is therefore always maintalnedin, for example, metal deposition processes. 

Knowledge of the value of 6 enables an approximate numerical equation to be 
evaluated for (x in terms of the activity and the valency of the given ion. Thus, 
in pqiiation (24), is about 50 ohins“^m.* for many electrolytes in solutions 
of medium concentrations and the mean value of the diffusion coefficient for a 
number of substances is l‘B . KT* cin.>8cc.~^ so that taking 6 os about 0*05 cm. 
at 20° it follows by rearrangement from (24) tliat the limiting current is given 
approximately for these substunccs by 

ii = (K125 2 c amps per sq.cm. (25) 

Tlie concentration in tlie above approximate equation is expressed in gram ions 
or moles per litre. This equation enables u to bci caUnilated roughly for a given 
deposition process and tliis process then occurs with 100% efficiency until 
the limiting current is exceeded, when the current efficiency of the process falls 
off, and another process begins to take place. 


(iii) The Diffusion CotUroUed Current at a Moving Surface 


The most well known and practically important case of a 
diffusion controlled current at a noii-stationary surface is that 
of the dropping mercury electrode (see p. 408). Two principal 
modifications have to be made to the equations deduced for a 
stationary surface. Firstly, the area of the drop is changing 
continuously. The expression for the current strength, I, at such 
an electrode can be calculated from equations (7) and (11) if a 
term i.s inserted for the area A^ of the drop at a given instant, t. 

Hence, 


I 


z FDA i 

dn 


(«-«,)■ 


(26) 


A^ can be expressed in terms of the drop rate of the mercury. lict 
this be V ml. per second. Then, it is clear that t sec. after the 
beginning of the formation of a drop, assuming this to be spherical 
and of radius r,, 

-^nr» = vt. (27) 

A^~i7lr^^ = i7l^^y\ (28) 

Secondly, the value of d changes with time. It can be shown 
from Fick’s second Law of diffu.sion that if the area of the drop 
is maintained constant, <J depends upon time according to the 
equation 6 = j/jTHt■ Taking into account the rate of growth 
of the drop shows that d becomes 
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^ = (29) 

the factor 1^^ being independent of the drop rate. It follows, 
therefore, from (20) that the current strength at a time t is 
given by 


zFi)4n 



(80) 


= 4-168 zfD’/* o'/’f*/'(a—o,). (81) 

The dependence of the current upon time during the growth 
of a drop has been confirmed by experiments carried out with 
a short period torsion galvanometer. With a long period galvano¬ 
meter, the mean current I during the drop time t is registered 
and is given by the equation 


- ri,dT = 8-5722FD'/’0*/'T/’(a—0,), (82) 

f J 0 

i.e. I is independent of time at a given drop rate, o. 

Equation (32) is similar to that first deduced in a different 
manner by Ii.kovic ^ and is an essential part of the theory of 
the current-voltage relation at a dropping mercury electrode, thus 
forming part of the theoretical basis of polarography (see 408) 


(iv) Comeniraiim Overpoteniial at a Stationary Surface 

If the rate of the electrode reaction is governed by the diffusion 
of ions to the electrode surface and all other electrode jiroccsses 
at the given electrode arc rapid, then, the cathode potential at 
a current density, t, will be almost identical with the reversible 
value of the electrode potential with an ionic activity of a,, the 
value at the electrode surface. Hence, 

RT 

ei = e,-|-^lna,. (88) 

To obtain the concentration overpotential, it is necessary to 
subtract from the reversible electrode potential, ix. the value 

^ D. Ilkuvic, ColL Czech. C/ifm. Comm., 1994, 6, 498. 

* A comprelieiiRivff discussion of difftisiun controlled currents at various types 
of surfaces is given by 1). Lkvich, J'''arada^ iSfoc. Ducimion, 1947, No. 1, 87. 
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with the ionic activity, a, in the bulk of the solution. Hence, 

BT 


Thus, 


«r = ^ + ^lno. 

RT fl. 


From equations (7 and 10), it follows that: 

Of ka—i 


, DzF 

where « = ^ —, so that 


ka ’ 


RT, ka —t 


zF ^ ka 

Also from (10), ij^ = ka. Hence, 

RT ii—t 


(84) 

( 86 ) 

( 86 ) 

( 88 ) 


From equation (39) it can be seen that at a given value of t, 
the value of % decreases with increase of the concentration. 
Increase of k also causes a reduction in and this can be 
achieved either by a reduction in ri or by an increase in D. As 
noted above, the diffusion layer thickness is considerably reduced 
by stirring of the elec¬ 
trolyte. D can be in- ^ 
rrcased for a given ionic g 
species by increase in ^ 
temperature. | 

If k and a, and hence 
are maintained con¬ 
stant, it can be shown by 
expansion of the loga¬ 
rithmic term in (89) 
that ly, is linear with i 
for small values of t. As 
i increases, it must ap¬ 
proach if and when f = Fi|;. os. Cunent density-potential relation for on 
tjj it follows from (89) electrode exliibiting conccittrntion overpotcntial 
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that the concentration overpotential theoretically becomes equal 
to —OD, corresponding to the condition at which a, for the ion 
undergoing deposition becomes equal to zero. 

In practice, an abrupt change in the potential of the cathode 
takes place to a more negative value at which some other ion 
{e.g. the hydrogen ion if the solutions contain only one metal ion) 
begins to deposit. The current density again increases with in¬ 
crease of potential, as shown in Fig. 65). Thus the limiting current 
density, i^, signifies the maximum rate at which a given ion can 
be discharged under the given experimental conditions. 

(v) Polirrography 

The current-voltage curve arising at an electrode exhibiting 
concentration overpotential can be used as a means of quanti¬ 
tative and qualitative analysis of substances capable of under¬ 
going cathodic reduction or anodic oxidation. For this purpose, 
a dropping mercury electrode is used in preference to a .stationary 
electrode and the apparatus in which such current-potential 
curves are measured is called a polarograph. 

Use of a dropping electrode has two advantages: (a) the 
coastant renewal of the surface eliminates passivity or poisoning 
effects; and (b) the high ovcrpotcntial of hydrogen on mercury 
renders possible the deposition upon the dropping mercury 
electrode of substances as difficult to reduce as, for example, 
the alkali ions. The dropping mercury electrode is effective over the 
potential range -|-0’4to —1-8 volts, referred to the normal hydrogen 
scale. Above about 0-4 volts *, mercury dis.solves and at potentials 
more negative than —1*8, \isible hydrogen evolution occurs. 

The cathodic and anodic processes in a cell involving a dropping 
mercury electrode are conveniently separated by making one of 
the electrodes very large compared with the other. This means 
that the c.d. across it is very low compared with that at the 
smaller electrode, which is more readily polarisablc and is hence 
the determining electrode in the current-potential relation. The 
potential of the anode can thus be regarded as constant and if 


> J. Revenda, cm. Czeeh. Chan. Comm., 1084, 6, 458; I. M. KoLTHorr uid C. 5. 
Hiulkr, J. Am. Chem. Soc., 1041, 68, 1405. 
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this is measured by comparison with a standard ele c trod e the 
potential of the cathode can be determined from the total potential 
difference across the poles of the cell. This latter potential differ¬ 
ence includes an ohmic potential drop, but since the current is 
generally small {i.e. of the order of 10-* amp.) it can usually be 
neglected. A large calomel electrode is sometimes used as a separate 
anode as the calomel electrode is less likely to become polarised 
than the ordinary mercury anode. Knowing the constant po¬ 
tential of the calomel electrode, that of the cathode is evaluated 
from the total potential difference across the polarographic cell. 
In polarography the potential of the normal calomel electrode is 
usually taken as the arbitrary zero of potential. When the anode 
is a normal calomel electrode it follows that the applied potential 
difference is always equal and opposite to the cathode potential 
on the normal calomel scale. 

The schematic arrangement of a polarograph is shown in Fig. 66, 
where the anode is a layer of 
mercury at the bottom of the 
beaker and the cathode is mer¬ 
cury dropping from the capil¬ 
lary. The potentiometer BC en¬ 
ables a variable potential differ¬ 
ence to be applied and the cur¬ 
rent strength is measured by the 
galvanometer, which is generally 
connected in parallel with a 
shunt, to permit the sensitivity 
to be altered at will. In the auto¬ 
matically recording polarograph, 
which is nearly always used in 
the analytical applications of po¬ 
larography, the potentiometer 
wire is mounted on a drum and 
the movement of the contact E 
is coupled with the rotation of 
another drum, which photographically records the current by 
means of light reflected from the galvanometer mirror (see p. 584). 

* The current-voltage cur\TS for the dropping mercury electrode 



Fig. 66. 

Schematic diof^ram of afrangement for 
polaroi^phic analysis 





furrmf MtwigHt 


410 IRREVERSIBLE ELECTRODE PROCESSES XI 

in a pure normal solution of potassium chloride and in a normal 
solution of potassium chloride containing small amounts of Pb", 
Cd" and Zn" ions are shown in Fig. 67. After reaching the depo¬ 
sition potential for each 
type of ion on mercury, 
the current strength in¬ 
creases rapidly until it 
is once again practically 
constant {%.e. has reach¬ 
ed the limiting current) 
with further increase of 
potential. The polaio- 
gram thus shows a series 
of steps or waves, each 
indicating the presence 
of a reducible ionic 
species. The sections 
of the curve parallel to 
the abscissa comprise 
pure diffusion currents, as the presence of an indifferent 
electrolyte in excess reduces the number of ions brought up to 
the electrode by electrolytic transport almost to zero (see p. 4U2). 
Consequently, every solution to be analysed has electrolyte added 
(usually KCl) in about one hundred times excess, thus ensuring 
that the reducible ions arrive at the electrode virtually only by 
diffusion, i.e. independently of their charge or transport numbers. 

The order of the deposition potentials of the various ions 
(e.g. from solutions of unit activity) is not the same as the 
electrochemical series, because some metals deposited at the 
cathode become amalgamated and the activity of the metal in the 
mercury affects the deposition potential. It is, however, possi¬ 
ble to deposit practically all cations (including the alkali metal 
ions) on the dropping mercury electrode, and thus to enable them 
to be identified and estimated. 

The quantitative analysis of a given species follows from the 
determination of the limiting current for the deposition of that 
species, which can be obtained from the polarogram (the current- 
potential relation in a polarographic cell). Thus, in (82) the 



Fig. 67. Current-potentinl curves for (lower curve) 
a IN KCl solution; and (upper curve) a IN KCl 
solution containing iieuvy iiietal ions 
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factors on the right hand side excepting the activity term can 
be maintained approximately constant during change of the 
latter, particular care being taken with regard to temperature 
control, owing to the strongly temperature dependent nature of 
the diffusion coefficient. It is not customary to evaluate "a” 
numerically from (82) but rather to determine the constant 
in front of “o" empirically from a determination of tj; in the 
presence of a known amount of a given ionic species. This avoids 
errors in the calculation of the theoretical constant due to adsorp¬ 
tion of ions on the mercury and neglect of interionic forces in the 
double layer \ Quantitative estimation of various species in so¬ 
lution can be made for concentrations of a given species as low as 
10-'gram ions per litre, and as the currents involved are small 
the change in concentration of a species in the bidk of the 
solution during the execution of one polarogram is negligible, 
so that several analyses can be made of the same solution. 

The identification of the species present in solution depends 
upon a knowledge of a quantity characteristic of that species and 
termed its half-wave potetiiidl. An approximate explanation of the 
significance of the half-wave potential can be given as follows. At 
the bottom of the current-potential wave (see Fig. 65), the solution 
at the electrode surface can be regarded as containing the “oxi¬ 
dised form” (e.g., qiiinonc, or Na') whereas at the top of the curve 
this has been converted entirely into a “reduced” form (e.g., 
hydroquinone, or sodium amalgam). Then, the potential of the 
mercury electrode can be written (VII, 76), as 

e = eo + RTln-~ , 

®Ked. 

where a,,, and are the activities of the oxidised and reduced 
forms of the entity undergoing reduction at the dropping mercury 
electrode. It follows, therefore, that considering the position when 
a given wave is half completed, Oq, = OBeii.i ®nd e = e,, the half 
wave potential (sometimes written as The latter potential is, 

^ In the ‘ ‘coMtant" term in equations (31 and 82), u and f vary to some extent beiaiuge 
of the chaniieB in mufaoe teniiion coirespondinK to changes in cathode potential. 
For the sniuU change in potential corresponding to the deiHisition of one ionie 
species, however, they con be taken os constant. 
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therefore, experimentally determined by finding the potential 
which corresponds to the middle point of the current-potential 
relation during reduction of an entity. As, at the half-wave 
potential, the term containing activities is always zero, it is 
immaterial what the concentrations are, i.e. the half-wave potential 
is independant of concentration and is only characteristic of the 
reaction occurring. Knowledge of the half-wave potential, there¬ 
fore, gives a characteristic quantity by which the substance can 
be identified. It is in this way that polarography can be used 
in qualitative analysis. 

The half-wave potential associated nith the deposition of a 
metal ion which forms an amalgam with mercury is the oxidation- 
reduction potential of the reaction + ze^M. If, therefore, 
the depoiiited metal atoms formed an ideal solution in mercury, 
it would also be the .standard electrode potential Cg of the metal. 
Accordingly, is not identical with the standard potential of the 
pure metal, but deviates therefrom by an amount depending on the 
affinity of the metal for mercury. As a result, the alkali and 
alkaline earth metals, for example, have half-wave potentials 
considerably more positive than their standard potentials. In 
table 85 the normal potentials of table 22 (recalculated with the 
normal calomel electrode as reference zero) are compared with 
the corresponding half-wave potentials at the dropping mercury 
electrode. 


TABLE 35 

lIAlf-WATE AND NOHNAL KITENTIALS FOH VAIUOUS CATIONS WITH BRFBRKNCK TO 
THE NOBMAL CAIDMEL EUECmODE 


Ion 



D 

Kb' 

Ca" 

Na' 

Mg" 

Zn" 

Fc" 

eo 

-iS-29 


—3-19 

1^10 

-^*103 

—208 

—2-62 

—1-03 

-0-71 

«7i 

—2-81 


— aiT 


—223 

—215 

— 1-0 

—1-00 

-1-33 

fi/. —e, 

m 

111 

1-02 

1-12 

■ 

088 

11 

^-03 

—0-02 

Ion 

Cd" 

Tl’ 

Co 1 

Ni" 

Sn" 

Pb" 

11,0' 

Cu" 



—007 



-0-51 

—0-41 

—0-40 


+0-08 


**/. 

—088 

-0-50 

—1-23 


—047 



BliliJ 


*•/•—** 


■0 


—0-58 

— O-CMI 


—1-88 

—Oil 
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The difference — e, corresponds to the standard potential 
of a cell, 

Metal I Metallic salt solution | Metal-amalgam 

and is a measure of the free energy of amalgam formation from 
metal and mercury under standard conditions. From the relation 
AG — —E F, it follows that amalgam formation occurs spon¬ 
taneously with the alkali and alkaline earth metals and that the 
affinity of these metals for mercury is large. Conversely, the free 
energies of amalgam formation of the iron group are positive which 
is connected with the fact that here, as in the case of hydrogen 
evolution at a mercury cathode, deposition is associated with a 
marked irreversible polarisation (t.e. a large overpotential). The 
half-wave and standard potentials are thus not comparable in 
these cases. 

Dissolved oxygen also gives a polarographic half-wave poten¬ 
tial which may be used for the quantitative determination of 
dissolved oxygen in a solution down to concentrations of 10~* 
gram mols per litre. In the analysis of other substances it is 
necessary to remove mo.st of the oxygen from the solution to be 
analysed by passage of oxygcn-frec hydrogen or nitrogen gas, and 
thus avoid interference from the polarographic half-wave of oxygen. 

Not only inorganic ions but also organic substances with re¬ 
ducible groups can be estimated; and this may be carried out 
in a mixed solution containing both ions and the organic sub¬ 
stance. The method has Ih^cii used in the quantitative esti¬ 
mation of aldehydes, ketones, nitro compounds, sugars, etc. In 
recent years the detection of certain diseases giving rise to tissue 
destruction has l)ecn accompli.shed polarographically. Thus, blood 
serum gives a specific polarographic half-wave potential in the 
presence of cobaltic ions, ammonia and ammoiiiam chloride, due 
to the presence in a protein of a cystcin group wliich forms a 
complex with the cobaltammincs present. The wave is present 
in all blood scrums but increases characteri.stical]y in the presence 
of cancer and some other diseases^. 

The range of' applicability of the polarograph has become in¬ 
creasingly wide in recent years. In pure research it has been used 

* H. Bruicka, Haeareh, 1047—8, 1, 25. 
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in the examination of the kinetics of reactions in solution, for 
the determination of the solubility of sparingly soluble substances, 
in the examination of tautomeric and complex equiUbria, etc. It 
has also become the instrument for the rapid analysis of solutions 
containing several ionic species. In this capacity its accuracy is 
less than that of classical chemical analysis but often sufficient, 
particularly for routine laboratory tests or in industrial practice. 

(vi) DepolarUation of Hydrogen Deposition by Oscygm 

From equation (25), the limiting current density for the dif¬ 
fusion of a depolariser to an electrode in an unstirred solution at 
17 "C can be shown to be given approximately by the equation 

= 0*020 z c amp./sq.cm., where c is the concentration of the 
depolariser in gram ions (or mols)/litre and z is the number of 
electrons transferred in the reduction at the cathode. At 17 “C,, 
the absorption coefficient of oxygen in water has the approxi¬ 
mate value of 0-038, w'hcnce e — 33/22,400 for an aqueouK solution 
in equilibrium with oxygen, and z — 4. Hence the value of 
for the diffusion of oxygen to the catliode in such a solution is 
0 020.4 . 33/22,400 ::s lo-< amp./sq.cm. \ 

When the cathodic polarising current density has a value less 
than this, therefore, the hydrogen deposited at the cathode wiUbe 
consumed immediately it is formed and the hydrogen overpotential 
will be eon.siderably reduced. At a higher current density, e.g. 10'* 
amp./sq.cm., the action of the depolariser accounts for only about 
10% of the polarising current and thus reduces the effective e.d. 
for the deposition of hydrogen from 10~®to O-O . 10“® amp./sq.cm. 
It will be shown below that the activation overpotential of hydro¬ 
gen, upon which the rate of deposition of hydrogen depends, 
varies logarithmically with the current density and that for many 
cathodes a reduction of current density by a power of ten, de¬ 
creases the overpotential by about 0-1 volt. The decrease in the 
effective polari.sing current dcasity due to depolarisation by oxy¬ 
gen at 10~’ amp./sq.cm. would thus cause a diminution in the 
hydrogen overpotential of about 0-005 volt, which is less than 


^ A. Hickling and F. W. Salt, Tram. Faradag Sae., 1D41, 37, 81V. 
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the experimental error (about ±10mv.) in the measurement of 
hydro^n overpotential. At current densities > l6-*Bmp./sq.cm., 
the diminution of overpotential caused by the presence of oxy¬ 
gen would be correspondingly less. 


(vii) The Polariaalian Capacity 


Knowledge of the diffuRion equationR applied to the problems of conoentraiion 
overpotentinl in the present rhaptiT enables some extension in the treatment of 
electrode capacities (p. a0.1) to be made. In Chapter X the capacity of tlie double 
layer was considered upon the assumption that it behaved as a condenser and that, 
consequently, during the charging process, a negligible number of ions crossed the 
electrode-solution interface. Some electrode systems do, in fact, function in this 
way (c.g. an Hg electrode in a solution of aqueous HCl) but in ntliiT systems Uicre 
is little hindrance to passage of the ions hwin the solution to tlie electrode and 
in the reverse direction. This is the case, for example, wlnm the inns in solution 
are those with which the electrode material can Ije in equilibrium, e.g. ions for 
an llg cdcHdiTcidc. An electrode funilinniiig under the limiting condilinn that m ions 
eroHR the double layer is termed a ampklely polarisable electrode and an electrode 
fiinctioiiing under the lirniting r^indition that the inns completely and freely 
puss across the double layer is banned atum-polarwablc rfectrode. In faci;, no electrode 
system is a fR^ifect example of either Umitiiig case. There is often some passage 
of ions across the double layer during eliurging so that the double layer be¬ 
haves like a leaky eon denser. 

It is seen, therofore, that the eurrrnt at the electrotle has two fiirictions. (i) The 
passage of ions to or from the electrode surface acroits the. double biycr; (ii) The 
charging up of the double layer. It will be sliiiv ii liclnw tliat the passage of ions 
to and/iir from the electrode surface; constitutes effectively a second cupncitaiiee 
(which is riMilly a pscudo-eapaeitanec as it does not involve the nlmrgiiig of a 
eondeiiser) termed the electrolytic capaciUiiii'c. The measured capacity of any 
ocutal eJrctmde systcin is thus the sum of the true double layer capoeitantH: and 
the cliMitrolytic (pseudo-)eapaeitnn(x;. lly studying the de])cndcnce of the total 
capacitance on concentration and frequency in an A.C. field, a distinction can be 
made lictween these two capacitances imd thus the double layer capacity can 
be dcicriniiicd even at an elrctrode-solution interface w'liirh is not completely 


polarisable \ 

Let the electrode be at a position a; — 0 on the distaiiifc axis. Then tlie cliaiige 
ill concentration per unit time at tliis jxiiiit is given hy 


0f _ i 2- 

Bt~ T Fit' 


(40) 


where t is the current density and y is the charge on tlie electrode at a time U 


* F. KiifluKR, Z. ElecirodienL, 1010, 111, 522; P. Doun, B. Ersciilbu and A. 
Frumkin, Acta Phyncochim. lO'MI, 13, 799. 
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The Beoond term on the right hand ride of thie equation repraentB the cunent 
neceuary to charge up the double layer (condenser current) and the first term 
is the normal (fhradaic) cunent. 

If t represents the potential difference across the plates of the condenser, then 

AT e 

q=Ce and 6=—^In —. (41) 

r 

If Fr ^ AT, i,e, for small values of e, the value of e can be written as 


Hence, 


Therefore, 


Be nr de 

Bt e/ Bt ' 

Be /9e\ Be _ RT Be 
Bt ~~ Bt~ ef Bt ' 


Be i 1 HT 3c 
^ F F c/ Bt 


According to Pick’s first kw of diffusion, the rate of clumgc of concentration witli 
time is given by 

de ^iBe\ 

“ 31 

Hence, in the stationary state, for wliich dejdt = — dej^, it follovrs ftom (45) and 
(4«) that 

The variation of the A.C. with time can be written as 

i = tg sill wt , (48) 

where to — Sbiv and r is tlie freiiuency of the current. Further, according to Pick's 
second Law of difihrion, 

dc d*c 

From (47), (48) and (49), the limiting conditioiiB for the solution of ttic diffusion 
equation are: 

i. /0c\ C AT 0c 

at n=0, ; (60) 


at le = 00 , e The solution to (40) then becomes 




* * - 

.——COS oil —-;== + 0 
|/2D/oi |/2D/qi 


£ ATi/to 
F e,\ D 


tanO = 


(52) 
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If is large, 
If cb is Bmall, 


tan 0 = 1, i.e. 0 = 45”. 
1 


tau 0 = 


C 


For small values of e and x — 0, 


The corresponding empirical result can be expressed In the form 

where C' = double layer capacity plus electrolytic capacity. 
Comparison of (54) and (55) shows that 


1 am .in 6 


Now for large concentrations (0 = 45”), sin 0 = K—, so that in this case 

2 




(58) 


(5*) 


(SS) 


(5S) 


which show's that the capacity is invcrsfdy proportional to the square root of the 
frequency. For small concentrations (Co)« sin 0 = tan 0, which is given by (58) so 
tiuit upon substitution one obtains 

C'= C. 

f,e. the total capacity becomes equal to the capacity of the double layer, and 
indi^poiident of frequency. 

Kxperiiiients at a mercury electrode in aqueous solutions nf nierc;urouH nitrate 
in tile presence of jiotassiuni nitrate confirm the theoretically indicated frequency 
variation at high concentration and show that at low concentrations of mercurous 
nitrate the capacity is in fact independent of frequency and has tlie same order 
as the double layer capacity. 

Bibliography: I. M. Koltuoff and J .J. I-inuank, Polon^phg.Ncw York, 
1041; M. J. Astlu, Polarography in Organiv. ChanvfiTy, Trims. EJrctrwihem. iSoc., 
1047, 82, 528; J. IIeyhovsky, Analyai, 1047, 78, 229; J. A. V, Butleb ri ol., 
Eltctrieal PrttperHes of Interfaces in Physics, Chemistry and Biology, Londen, 1051. 
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3. ActivEtioii Overpotential 

(i) Methods of Study of Retu^iofu Involving an Activation 
Overpotential 

The earliest known cases of activation overpotential were those 
associated with the electrolytic evolution of hydrogen and oxygen. 
Although hydrogen and oxygen overpotentials are particularly 
large, appreciable activation overpotcntials are associated with 
most electrode reactions, e.g. in metal deposition reactions or in 
the reactions of electrolytic reduction. 

The phenomena of activation overpotential are difficult to 
mea.<iure accurately because they arc easily affected by (i) the 
existence of minute traces of capillary active impurities and 
depolariscrs; (ii) the lack of reproducibility of metal .surfaces, 
particularly in metal deposition processes, where the surface is 
continuou.sly changing in area and properties during the depo¬ 
sition. Ordinary chemical methods are insufficient for the purifi¬ 
cation of solutions which must be carried out elcctrochemically 
by "pre-electroly.sing” the .solution with an auxiliary cathode so 
that impurities arc deposited or adsorbed Relatively reproducible 
surfaces can be prepared by heating the electrode in a sealed 
glass bulb containing some appropriate gas {e.g. hydrogen) or a 
vacuum. The bulb can then be broken by a probe under the surface 
of the (already adequately purified) solution *. 

The following different methods give information upon the 
mechanism of reactions involving an activation overpotential. 

(i) Measurement of the dependence of the rate of tiie reaction (i.e. 

tiie current) upon potential 

In the use of this method the main conditions which can be 
varied arc the temperature (heats of activation may be calculated 
from the temperature coefficient), the concentration of reacting 
species and the solvent. 


' A. M. Azzam, J. O'M. Bockiub, B. E. Comwat and H. Hobenbrbo, Tram. Foro- 
dag Soe., 1950, 49, 819. 

' J. O’M. Bockub and B. E. Conwat, J. Sd. Itutrumenli, 1048, ZB, No. B. 
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(ii) Measurement of the eapacUy of ike ekdrfde-^vtion interface 
at various frequencies 

By a comparing the variation of capacity and phase angle with 
frequency with certain theoretical expectations it is possible to 
gain information on the type of equivalent electrical circuit 
(e.g. condenser and resistence in parallel, tie.) to which the 
electrode-solution interface corresponds. It is also possible to 
measure in some cases the velocity of a single discharge process 
(e.g. H’ -I- e.' ->H) as apart from that of the overall reaction rate 

(lu) Measurement of relation between quantUy of electricity and 
potential during charging of tAe double layer 
The shape of the relation between potential and time of flow 
of current (which is proportional to the quantity of electricity 
passed during the charging up of the double layer at the electrode- 
solution interface) varies according to the rate controlling step 
in the evolution reaction. This method also gives results for the 
capacity of the metal-solution interface (sec Chapter X, p. 860 ). 

(iv) Decay upon open Circuit 

In electrode processes involving gases, the type of relation 
between potential and time upon cessation of the current is charac¬ 
teristic of the amount of gas adsorbed on the metal. 

(v) Photochemical Methods 

Measurement of the dependence of the quantum efficiency of 
the photocurrent {i.e. the extra current caused to flow when 
light of suitable frequency strikes the electrode surface) upon 
frequency gives information as to whether or nut electrode process¬ 
es involve an electron transition as a rate determining process. * 
Results of such measurements made hitherto appear, however, 
to be somewhat difficult to interpret. 

Application of these several methods shows that no one mecha¬ 
nism exists for the various types of activation ovcipotentiol and 
that the mechanism may even change for the same kind of over¬ 
potential (e.g., hydrogen overpotential) when the metal is changed. 

* B. Riiaciiuiii, Paradaii Soe, Di»eumm, 1047, No. 1, SOB, 

' P. J. lIiUDN and E. K. Ridbal, Pne. Roy. Soe., 1B4B, IN, 2B5. 
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In the following, the case of hy^gfin overpotential, about which 
more material is available than for other examples of activation 
oveipotential, will be discussed in detail. 

(ii) Experimental ReeuUs for Hydrogen Overpotenlial 

(i) Dependence upon electrode material 

At a given current density, hydrogen overputential on two or 

possibly three groups 
of metals decreases 
roughly in a parallel 
manner to the therm¬ 
ionic work function 
of the metal. (See Fig. 
68). A corollary of 
this is that metals 
which adsorb hydro¬ 
gen well [e.g, Pt) 
have a low over- 
potential for hydro¬ 
gen evolution and 
the metals of lower 
Fig 68 adsorbingpowerhave 

The idation between ovrrpotential at 1(H amp./ ® higher hydrogen 
aq.cm. and tlic thermionic work fiinclion OVCrpoteiltial. 

(ii) Dependence upon ewrreWl density 

The dependence of hydrogen overpotential upon current density 
is represented by an equation first empirically discovered by 
Tafel, i,e., 

7j = a — 6 log », (57) 

where a is a current density-independent term characteristic of 
the metal at a given temperature and varies from about —O-l 
to —1-4 volts according to the metal. The constant b has a value 
of about 0*08 - 0*14 depending upon the metal and most values 
of b are between the values 0*09 - 0*18. ^ This constant is also 

* This K&n to the values obtained in well purified solutions. In less pure solutions 
there is a greater spread of b values, which may rise to 0-8 or irune. 
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written in terms of a corresponding constant a (for theoretical 
reasons, see p. 426) where b = BTjaF . Thus, d varies approxi¬ 
mately in pui-e solutions from about 2 to 0-4 for different metals; 
for many metals it has the value 0*5 approx. The Tafel equation 
is valid over a large range of current densities, e.g. on mercury 
cathodes at least from 10-' to 150 amp. per sq.cm. At low over¬ 
potentials the equation breaks down and the Tafel line tends 
to become asymptotic to the current density axis (see p. 484). 

(m) Depmdmce upon temperature 
Hydrogen overpotential decreases with increase of temperature 
and the temperature coefficient is of the order of 10-* volt per "C. 
There are two ways of expressing the variation of overpotential 
with temperature and these lead to slightly different values, 17| 
and [/jj, of the heat of activation^. Thus,(l)the overpotential, r/, 
at a temperature T is measured against a reversible hydrogen 
electrode under the same conditions, or (2) the cathode potential, 
e, is measured against a standard half cell at a fixed temperature 
Tg. As the current density is controlled by a rate process [see 
deduction of (70)], it follows that: 



But from (57), and taking b ~ RTjaF, 



(58) 


(59) 


(60) 


(61) 


* J. N. Ar.AR, Faradug Soe, IHseusium, 1847, 1, Bl. 




422 


IHREVEBSIBIiE ELECTRODE FROCEBBES 


XI 


hence it is clear that 

aFT’ 

and 

/ de \ I7ii 

IFF' 

Also, firom (1), 

(dTl,’ 

so that from (62), (68) and (64), 

Thus, the difference between the two heats of activation is given 
in terms of the temperature eoefficient of the reversible hydrogen 
electrode S which is not known, it being possible only to measure 
the net coefficient of the hydrogen electrode together with the 
thermoj unction between the solution with which the working 
cathode is in contact and that with which the reference electrode 
is in contact. Hence, I/|, which is the fundamental heat of 
activation involved in overpotential, is accurately determinable 
only by measurement with method (1). 

If a is constant with temperature, the heat of activation at the 
rever.sible potential is related to that at an overpotential of rj by 
the equation 

[Jfl*];=Cr,-aqF, (60) 

and from (62), 

(W) 

In the following table, a number of typical results of measure¬ 
ments of [AH*]] are given for various metals. 


(62) 

( 68 ) 

(64) 

(65) 


' P. T. Gilhebt, Faraday See. Diteuuum, 1M7, 1, 890. 
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TABLE Se 

HEAT OF ACTIVATION FOB THE ELECTBOLYTIC EVOLUnON 
REACTION 2H' + 2e AT VARIOUS CATHODES 


Electrode 

material 

Solution 

a 


Remarks 

Hg 

0-lJV HCl 

0-50 

21-1 

20" 


OWHfSOt 

0-62 

lB-0 

20" 


Q-2ND,504 

0-52 

ao-D 

20" 


lOJV HQ 
0>liVHainlOO% 

0-01 

10-5 

20" 


methanol solution 

0-56 

lB-7 

20" 

Ga 

Woods 

0-2NH|SO« 

0-50 

15-2 

Br Oiquid) 

alloy 

0-2A^H|SO| 

0-40 

10-4 

B7" (iiquid) 

Ni 

U'IN HCl 

0-40 

5-0 

20" 


NUgCl in Uq. NH, 

0-40 

7-0 

—50" 

Ft (bright) 

0-2N HgSOi 

0-75-0-3 

0-12 

20"; a decreaseB 
with time 

Ft (bright) 

U-2Ar NaOH 

0-8-0-5 

0-7 

22" 

Fd 

0-2NH,SO« 

0-5 

0 

Measurements 


0-2N NaOH 

0-4 - 0-5 

10 

very approxi¬ 
mate 


(iv) Dependence upon pH 

In dilute solutions, the hydrogen overpotential on metals of 
high overpotential (e.g. mercury, lead), is independent of pH up to 
solutions of acid strength about 0-lN. At higher concentrations some 
decrease in overpotential occurs. For metals of lower overpotential, 
e.g., nickel or platinum, the dependence on concentration begins 
at O’OOllV, overpotential decreasing with increase of concentration. 
Salts decrease the overpotential at a given current density and 
increase the dependence upon pH. Little work has been done 
on alkaline solutions. However, the limited information suggests 
that there is no essential difference in the overpotential be¬ 
haviour compared with that in acid solutions. 

(v) Dependence upon tolveni 

Hydrogen overpotential has been measured in methyl and 
ethyl alcohol, glycol, formic add, acetic add, ether and dioxan 
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and where possible mixtures of these substances with water. The 
effect of the solvent is a specific property of the electrode ma¬ 
terial. For metals of high overpotential there is a general tendency 
for the overpotential in the above mentioned non-aqueous solvents 
to be lower than that in water, particularly in the alcoholic 
systems. For metals of low overpotential, e.g. nickel, there is little 
difference between the overpotential in water and in the non- 
aqueous systems. For mixed solvents the a and b values of the 
appropriate Tafel equations arc considerably different from those 
in either pure compounds, particularly in the case of metals of 
high oveipotential; thus for lead in methanolic solutions, the over- 
potential at a constant current density passes through a maximum 
at about 50% methanol. 

(vi) Dependence upon the initial quantity of electricity passed 
Measurements at mercury cathodes in oxygen-free solutions 
show a dependence of potential upon time which in the more 
positive region > —0-3) has a slope corresponding to a capacity 
of 50 pF/$q.cm. and in a more negative region correspondmg to 
a capacity of about 18 /iF/sq.cra., in agreement with the results 
of electrocapillary measurements upon the capacity of the double 
layer at the electrode-solution interface. 

(vu) Dependence upon "poisons” 

Certain substances, generally known as catalytic poisons, 
affect hydrogen overpotential when present in very small traces. 
The amounts of poison neccssuy to affect the overpotential at 
electrodes of low overpotential (e.g. nickel) are smaller than can 
be detected by chemical means and can only be removed by 
electrolytic deposition. The relation of overpotential to the amount 
of poison present is similar to that of an adsorption isotherm in 
gas catalysis. 

(vm) Dependence upon diffusion of hydrogen through tiie electrode 
When the overpotential is measured upon the two sides of a 
foil electrode consisting of certain materials (e.g. iron or palladium), 
a “transfer” of overpotential takes place from the polarisation side 
of the foil (that upon which hydrogen is evolved) to the diffusion 
side. The slope of the Tafel equation is lower (about 0-03 for iron) 
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upon the diffusion side of the fofl than on the polarisation side 
(about O'l for iron)*. This result provides strong evidence that 
adsorbed hydrogen in large quantities (t.e. filling nearly the whole 
electrode surface) exists upon the polarisation side. 

(iii) The Theory of Hydrogp^i Overpotentid 
(i) The Tafel equation 

Suppose that the velocity of the cathodic reaction 
2H' + 2Co“ -♦'Hj 

is 'v. Then tliis reaction also occurs in the reverse direction at 
the cathode with a velocity of 'u. When the electrode behaves 
reversibly, "v = v . When it functions as a cathode, 'v > iT, 
and when as an anode, ^ > v . In the electrolytic evolution 
of hydrogen, except at the lowest c.d.’s, the velocity of the 
reverse reaction, Hj —►2H' + 2Co~, can be neglected, t.c. ^ > iT. 

Without postulating any particular mechanism of hydrogen 
ovcrpotential, let if be asaumed that the velociiy of the rate deter¬ 
mining reaction ia controlled by particlea having more than aome 
minimum activation energy, V, and (hat the energy di^buHm ia 
MatnoeUian. It is known from the fact that the rate of reaction 
(which is proportional to the current density) is increased when 
the cathode potential becomes more negative, that the energy 
of activation of the rate controlling reaction is affected by the 
electric field due to the cathode. If the cathode potential is e, then 
it is reasonable to suppose that the particles taking part in the rate 
controlling reaction are affected not by the whole cathode-solution 
potential difference, because this potential difference extends 
effectively over a distance of several Angstrom units from the 
cathode surface out into the solution and at the beginning of the rate 
controlling reaction the reacting particles may be inside this 
effective range of the cathode-solution potential difference. Let 
the part of the cathode-solution potential difference which affects 
the reaction be {e — x). Then, the energy of activation becomes 
V + {e — x)aF, where a is a constant, namely the fraction 

^ H. Ftscugh and H. Hetung, Z. Ekctrochem., 1950, 54, 1B4. 
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of the potential {e — x) which affects the rate of the reaction 
towards the cathode. V is the energy of activation at zero electrode 
solution potential difference. 

The velocity of the evolution reaction must be proportional 

to the concentration of the reacting particles, .which 

may be, for example, solvated protons or hydrogen atoms. 

Hence, 


'v=k{fi 


A» ■ 


.)e 


U 4- (e — 0) a F 
HT 


( 68 ) 


where £ is a proportionality constant. As, except at very low 
current densities, i = Fv , then, 

u + (e —ctaF 

*—Fk(Cj^,Cg .)e . (69) 


Solution of this equation for e assuming 17 to be constant with 
change of current density, use of the defining equation for 
the overpotential [(1), p. 395], and the equation for the potential 
of the reversible hydrogen electrode in a solution of hydrogen ion 
activity Og. gives 

RT^ 17 BT, , , BT, 

V — ^plnrfc + » aF .) f hiOg-t 

RT 

— Tp-Jnt, (70) 


which is of the same form as the Tafel equation (57). It follows 
therefore that an equation of this form is a general consequence 
of the single assumption stated above. The various specific 
theories of the slow stage in the cathodic evolution reaction for 
hydrogen will now be considered. 


(u) Specific theories of the slow stage 
Let the proton in solution be solvated by the base B {e.g. water) 
and the cathode material be represented by M. Then, the most 
important reactions to be considered are the following. The dis¬ 
charge reaction 

BH+c,-^B-1-MH, (A) 

in which the solvated proton, adsorbed on the cathode, is neutral¬ 
ised by an electron from the cathode at a rate R^. This reaction 
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may be succeeded by two alternative methods of removing the 
atomic hydrogen from the surface of the electrode, namely the 
combination of adsorbed hydrogen atoms on the electrode 

Mil 4* MH ^ 2M-{-Hi, (B) 

or, alternatively, the removal of an adsorbed hydrogen atom by 
the arrival of a further solvated proton and its simultaneous 
neutralisation by means of an electron from the cathode, i.e. 

BH(C) 

Thus, in the electrol 3 rtic evolution of hydrogen at various 
elcfitrodes in acid solutions, reaction A always occurs initially. It 
may continue to occur, followed by B, or it may be followed by 
C, with which it then occurs simultaneously in order to maintain 
the concentration of adsorbed hj'drogen atoms on the metal 
surface. If R^ or Be. then the reaction path will clearly 
consist of A followed by B, because C can only occur to an 
appreciable extent if R^ > R^, whereupon the concentration of 
atomic hydrogen builds up upon the electrode surface. If R^> Rg 
or R(; then the reaction path consists of A followed by B or C 
according to whether R^ > R^, or vice-versa. 

The reactions A, B and C are called respectively the disduargp, 
catalytic and electrochemical reactions. 

(ui) The discharge reaction 

The reaction A can be considered upon the basis of the trans¬ 
ition state theory of chemical reactions, according to which the 
specific rate of the transfer of a particle across an energy barrier 
kT 

is e where AG* is the standard free energy change 

in the creation of the activated complex (H'... e) from the initial 
state For the slow discharge reaction, the initial state can be 
considered to be the adsorbed, partly solvated protons in the 
Helmholtz section of the electrical double layer, the final state 
being the hydrogen atoms adsorbed upon the electrode surface. 
Hence, if the surface activity of the hydrogen ions adsorbed 

^ This uBHuiiies ii viiluc of unity for the transmiasiou coefficient; if. U. ISvbikg 
and W. F. K. Wvnnu-Jonkis, J. CAcwa. Phys., l(Ki5, 3, 4D2, 



428 IItIlEVER8IBI£ El^CTBODE PROCESSES XI 

per sq.cm, of the double layer is the rate of the reaction is 

kT 

o+-^e so that, as each ion carries one electronic 

A 

charge, the number of charges passing to the cathode per second 
Hence, 

(71) 

The calculation of AG* may now be considered, firstly in the 
special case in which there is no potential difference between 
the electrode and the bulk of the solution. It can be shown by 
means of thermodynamic cycles ^ that the heat content of the 
initial state is given by 

Hi = l-v~{L-L'), (72) 

where I is the ionisation energy of the hydrogen atoms, ip is the 
work function of the metal electrode, L is the heat of hydration 
of the hydrogen ion and L' is a correcting term to this so that the 
change in heat content associated with the partial dcsolvation of 
the hydrogen ion as it approaches the electrode surface is taken 
into account. In a similar way it can be shown that the potential 
energy of the final state is given by 

H^ = R-A, (73) 

where R is the interaction energy between a hydrogen atom and 
a water molecule, and A that between an electrode and the ad¬ 
sorbed atomic hydrogen. 

Hi and Hjj are susceptible to numerical evaluation as a 
function of distance from the electrode and the kind of relation 
obtained is shown in Fig. 69 where A D represents the po¬ 
tential energy of the final state R — A and F G that of the initial 
state in the absence of an electrode-solution potential difference. 
Thus the equilibrium position in the initial state is the minimum 
of the curve F G and that of the final state the minimum of the 
curve A D. The hydrogen particle therefore has to pass over the 
energy col at X or some similar intersecting position (See below). 


^ R. Parsons sod J. O'M. Uockhis, TVoni. Faradag Soc., 1B51. 
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In the application of the theory of absolute reaction rates, 
the rate determining quantities are 

C* — Gi = AG\ so that AG* = H* — H^ — TAS* . 

ivhcre AS* = S* — Sj and is equal to the difference in entropy 
between the activated and initial states, which can be approxi¬ 
mately calculated by statistical mechanical means. 

The effect of the ex- 
istance of an electrode 
potential e at the cat¬ 
hode-solution interface 
may now be consider¬ 
ed. This will have two 
main effects upon (71). 

(i) It affects the sur¬ 
face activity of the ad¬ 
sorbed ions at the elec¬ 
trode-solution inter¬ 
face. If the thickness of 
the surface layer of ions 
is Xi fhen the surface 
activity in the absence 
of a double layer po¬ 
tential difference is 
given by x , where 
is the activity of 
hydrogen ions in the 
bulk of the solution. 

However, if a potential 
difference exists at the interface, the ions adsorbed in the Helm¬ 
holtz section of the double layer will be at a potential y) above 
that of the ions in the bulk of the solution (c/. Stern’s theo¬ 
ry of the electrical double layer, p. 968). Hence, according 
to the Maxwell-Boltzmann law, the surface activity is not 
X XI equation (71) can now be rewritten as 



The variatuina nf certain potential cnerf^ functions 
witli distance for the discharge of hydrogen ions 
onto a metal electrode 




—Vf/HT fcr ~^G*lkT 
r 1 c 


(74) 
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(n) It affects the energy of the initial state of the reaction. Thus, 
the energy of the ions is increased by the quantity {e — F. 
The free energy-distance relation for the initial state is shown in 
Fig. (69) by the curve FG. The vertical distance moved by the 
point of intersection of the curves of the initial and final state 
can be shown geometrically to be (1 — a)[e — yi) F, where a is 
the quantity 


glnlMal 


^Initial ^Snal 


= 0 , 


(75) 


g being the gradient of the relation to distance of the energy of the 
indicated state. It follows tliat the change in free energy in 
the formation of the activated state (represented by the point 
X) is altered by an amount 


(1 —a)(« —y)F —(e —v)F, =—a(c —v»)F, 

when a potential difference e exists at the metal-solution inter¬ 
face. Equation (74) may now be written in the form 

j = . (re) 


AT wF F 

.-. Inx = InCoZ-ye ' jtT +lnoH——a(c —v)^. (77) 

RT, kT dG* J?r. / 1\ 

e =-^lnea-^e at + Oh-+ (l—-jv. (78) 

Using (1) and (VII, 49), it follows that: 

RT. kT do* 11 \ RT . 

+ (re) 

Also, using the relation between ip and Oq. (p. 868), the over- 
potential in dilute solutions becomes 

BT, kT / 1\ RT, . , ^ 

r, = -^lne„x-Y^ AT +(l--)Vo—^Ini. (80) 

Numerical substitution in this equation gives results in agreement 
with experiment for mercury electrodes within the limits of un- 
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certainty of the theoretical values brought about by difficulty in 
obtaining exact values of R and A. 

When the rate of the overall hydrogen evolution reaction is controlled by the 
slow discharge of protons, then the following characteristicB would be expected. The 
dependence of overpotential at a given current density upon the electrode material 
should vary in a way parallel to the heat of adsorption of hydrogen upon the metal. 
The overpotential would thus tend to be high for metals having a low heat of ad¬ 
sorption of hydrogen and bw for metals on which hydrogen is strongly adsorbed. 
No limiting current would be expected and the overpotential should be independent 
of pH, as shown in (BO), so long as the Stehn equation is still applicable, t.e. 
up to medium concentrations of about IN. The solvent effect depends upon relative 
degrees of adsorption of solvent molecules on cathode and reference electrode and 
it can be shown ^ that a change from aqueous to alcoholic solution would bring 
about a lowering of overpotential, in ocoordance with the facts. The linearity of 
the relation between potential and time in the eliarging curve is clearly in accord 
with the theory, according to which the ions would build up until a certain potential 
difference existed across ilie double layer before disc^harging to an appreciable 
extent. The effect of truces of poisons would be less marked for a metul at which 
reaction A was the effective rate rontrolliiig step than one for widch B is the rate 
controlling reaction because of the almeiicc of important B4d;ive centres open to 
specific poisoning in the first ease. Lastly, H is olivioua tliat no * transfer" of over- 
potential tlirough an electrode cun take place if A is the effective mechanism 
because if B or C are foster tlmii A, a large concentration of adsorbed hydrogen 
atoms does not build up on the polarisatiim side of the electrode surface. 

(iv) The catalytic reaction 

The expression for the rate of the eonibination reaction between 
two hydrogen atoms on the metal surface can be written in the 
form 

where AG* is the free energy of the formation of the activated 
complex in the combination reaction between the two hydrogen 
atoms, and is the activity of the hydrogen atoms per sq.cm. 
In this case, t — Ze, so that 

In this equation, AG* can be written as dC,* + a,eF, where a, 
is a complex factor depending mainly upon the repulsion energy 

* J. O’M. Bockbib and R. Parbons, Ttoiw. Faraday Sac,, 1B48, 44, 860; 1040, 

46k 010. 
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between two hydrogen atoms adsorbed on the metal surface. It 
can be shown from a statistical mechanical examination of the 
surface reaction that at low concentrations of hydrogen Oi has 
the ^'alue 2 but when the surface approaches saturation Oj decreases 
rapidly towards zero Thus, except at very high current densities, 

i = 2e,OH*. (88) 


Use of equations (1) and (VII, 49) leads to the evaluation of tj 
from the above equation as 


BT 

2F 


hl2Ca 


kT AG* 
h~ RT 


RTau RT, . , 
F' " 2F 


The variation of overpotential with the cathode material can easily be understood 
upon the catalytic theory, for there is a general tendency for the overpotential 
at a given current density to decrease witli ineTcase of eatnlytic power of the 
metaL This follows because a metal of high catalytic power would bring about a 
rapid combination of hydnigen atoms on the electrode surface so that a compara¬ 
tively large current can pass at a small overfxitential. 

The slope of the Tafel equation can be seen from equation (B4) to be 




0-029 at 25°C., except at very high curreiil densities when the value of 


a of equation (M) tends towanls zero. The effect of pH is indefinite upon tliis 
mechanism owing to concomitant changes which may take place in cg and JGq* 
with pH and overcome tlie apparent increase of overpotcntial by 0-05B volts with 
every decrease of one unit of pH wliich the above equations would otherwise 
indicate. The relation between the quantity of electricity imsscd and electrode 
potential would be non-linear if the reaction D is rate determining. In adilition, 
owing to the existence of active centres upon the electrode, a marked sensitivity 
to very minute traces of poisons would lie expected, owing to the importance 
of active centres in determining the rate of the reaction. Transfer of uverpotential 
through an electrode would be possible if this mechanism is applicable but need 
not be necessarily observable as the diffusion velocity may be very slow. 


(v) The electrochemical reaction 

TIic kinetics of the electrochemical desorption mechanism are 
more complex than those of the other two reactions at a working 
hydrogen electrode owing to the fact that two discharge processes 


' J. Horiuti, G. Okohoio and K. Hirota, Sei. Papm but. Phyi. Chan. Ra. 
(Tokyo), IDBe, n, 228; an nlteinative theory is (pven by A, Uicklino and F. Yl. 
Salt, Trans. Paraday Soe., 1942, 38, 474, 
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occur simultaneously to maintain the concentration of hydrogen 
adsorbed upon the electrode surface. 

The equation for the velocity of the discharge of solvated 
protons onto a metal surface containing n adsorption centres 
takes place according to the reaction 

BH■ +eo“-►MH, 

and can be written in the form 

= (« 6 ) 

where Og is the concentration of the atomic hydrogen upon the 
electrode surface, Og. is the hydrogen ion eoncentration in the 
bulk of the solution, ki is a velocity constant and a has an 
analogous meaning to that given by (75). 

The rate of the reverse ionisation reaction 

is given by 

= (86) 

^ 71 


and that of the electrochemical desorption process 
BH' + Mil + Po" ^ B + M + H* 


hy 




In the stationary state 

Ri —Rg —R!, = o, 

from which it follows that: 


uh 

n 


-yf/nr 

ATi Ag* C 

-Wf/wr , , (e-v)F/«3’ , , -vr/IlT ■ 

feiOg-e H-lcgc' ' +ft3flH-c 


( 88 ) 


The current due to the electrochemical mechanism is given by 


i= 2f a..e . 


( 86 ) 
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Substituting for ajn and assuming that the cathode potential 
is not near to the reversible potential one obtains 


i = 2F 




Og-e 


-VF/Er -a^«-V)f/«T 


(89) 


The overpotentia], tj, can then be evaluated from this equation by 
use of (VII, 40) and the Stern relation between f and Og. . It 
follows that: 


BT 2Fkik, 
aF * 1 +*! 


RT 

aF 


In i. 


(90) 


The value of a derived from this equation can be shown to be 
less than 1 although the numerical value for any given metal has 
not yet been accurately calculated. 

The experimental behaviour indicated by the Blow eleetrochemical mcchanigm is 
similar to that of the slow discharge meclianism with respect to limiting currents, 
initial quantity of electricity passed and effect of poisons. The overpotential should 
become pH-dependent at a lower hydrogen ion concentration than that for tile 
discharge-controlled reactions, owing to the influence of the polar M-H bond. The 
electrochemical mechanism is to be distinguished from the dischaige-controlled 
reaction principally by evidence indicating the covering of the siufacc with atomic 
hydrogen. This would be indicated, inter alia, by the variation of capacity with 
frequency and the transfer of oveipotentiBl through the electrode. 


(vi) Overpotenti'Ol at law current deturUies 
In the theoretical derivations given above for mechanisms A, 
B and C it has been assumed that the cathode potential was not 
near to the reversible potential, i.e. that anodic currents such as 
MH —>-BH’ + in the slow discharge reaction can be completely 

neglected. When the potential is in the neighbourhood of the 
reversible potential this is no longer true. From (69), the cathodic 
current is given by 

7=X,e-(*-*)'*f/*r, (91) 

where X, is a constant, if it is assumed that the energy of activation 
and the concentration of the entities taking part in the rate 
determining reaction arc constant with change of current density. 

The fraction of the potential difference (e — x) which affects 
the anodic current will be that fraction which does not affect 
the cathodic current, i.e., {e — x) (1 — a). 

Hence, 
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i =Jr, e(«—«) (1 —b) F/ET^ 

where is another constant. 

The net (».e. observed) current density, i, is given by 

■ ■ ■ 

»=»— 1 . 

From (1), (91), (91a) and (92) it follows that: 
i = ^iC—“»?F/Erc—( 1 ^—atloF/Er 

—ir,e(»-«)flF/ET e(«^-»)(i -o)f/ET . 

If»j = 0, » = 0. 

Hence, 


(91a) 


(92) 


(98) 


JST, e- («^ -») a flRT ^ (I _ a) FfRT = , (94J 

Therefore, from (93) and (04), 


»=iC[e-<»jf/Br_e(i-a)ijF/«rj. 


If 1 } is le.S8 than 50 mv., the exponential terms arc less than 
at room temperatures. 

Thus, 


tj ss 


RT . 

kJ' 


At limitingly low values of the overpotential, therefore, the 
overpotential is linearly dependant upon current density, in 
contrast to the logarithmic dependance at higher values of the 
overpotential {i.e. at higher current densities) when t can be 
neglected. This result, which is independant of the mechanism 
assumed, has been experimentally confirmed. 

(vii) Summary 

Which of the above three reactions is the rate determining 
reaction upon the different metals is not known for all metals 
owing to the lack of experimental data. On mercury and the metals 
of high overpotential the adsorption of hydrogen is small, i.e. 
little hydrogen tends to build up upon the electrode surface, so 
that the slow discharge reaction is probably rate determining. For 
metals of low overpotential, where the slope of the Tafel equation 
is about 0*029 (e.g. platinum) the mechanism involves the catalytic 
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mechBiiisin. For metals of intermediate overpotcntial, such as nickel, 
silver, eic., the rate determining reaction is not yet certain because 
of the lack of knowledge concerning the amount of atomic hydro¬ 
gen on the surface. Assuming, asappearstruefor iron for example, 
that a considerable quantity of adsorbed atomic hydrogen exists 
upon the electrode surface, the most probable mechanism involves 
the electrochemical reaction. The above remarks apply to acid 
solutions. In alkaline solutions the number of hydrogen ions is 
small and consequently the discharge reaction probably takes 
place from a water molecule, in place of a hydroxonium ion. 

The complexity of some of the experimental results on over¬ 
potential indicates the possibility that in some sy.stems a “dual 
theory” may be applicable, e.g., catalytic and electrochemical 
mechanisms of desorption may take place at comparable rates. 
There is also evidence that the mechanism of the hydrogen 
evolution reaction may change at a given current density, 
where there is, as for example with platinum at high current den¬ 
sities, a sharp change in the slope of the Tafel line. 


(iv) The Ekclrolytic Separation oj'Hydrogen and Deutcriuvi 


The fact that various electrode materials have different effi¬ 
ciencies in bringing about the electrolytic separation of hydro¬ 
gen and deuterium, has serv'ed to give the hydrogen overpotential 
on various electrodes a considerable practical importance. It is 
found that when a mixture of hydrogen and deuterium is electro¬ 
lysed, the hydrogen is preferentially evolved, thus concentrating 
the deuterium in the solution. Under appropriate conditions 
considerable enrichment can be obtained by this method and 
electrolysis is at present used as the sole method for separating 
deuterium. The efficiency of the electrolytic separation is measured 
by the separation factor, a, which is defined by the equation 


H] 



Om 

H] 


D 

Liquid 


In the equilibrium state, this separation factor, determined by 
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shaking gaseous mixtures of hydrogen and deuterium with water 
at high pressure in the presence of active platinum as a catalyst, 
has a value of approximately 8-8. In electrolysis, the separation 
factor is considerably greater and it is found that under compa¬ 
rable conditions current density, temperature, state of the surface, 
electrolyte, etc.) the nature of the metal affects the separation 
factor in the opposite direction to that in which it affects the 
overpotential. Thus, for metals of low overpotential (t.c. "active" 
electrodes) the separation factor is high and vice versa. At mercu¬ 
ry, at which the highest overpotentials are observed, the sepa¬ 
ration factor has approximately the equilibrium value of 4, and 
on active metals such as platinum, gold, etc., the separation factors 
have values of the order of 20. 

The increase of the .separation factor in electrolysis compared 
with the equilibrium value is caused, at least for certain of the 
metals in which the rate determining reaction is .slow discharge, 
by the difference in the activation energies necessary for the 
transfer of HgO' and HgDO' ions to a state of adsorption on the 
metal .surface. Thus, for the same quantity of hydrogen and 
deuterium ions in the solution it follows that the separation factor 
is approximately given by 

dcQ> 

S = (95) 

dcj)‘ 

IT 

If AGji — JGp is placed equal to the experimentally measured 
difference in the heats of hydration of H' and D’ {i.e. about 1 kilo- 
cnl), then S = 5, i.e. the value of the separation factor is approxi¬ 
mately that found on inactive metals. A correct order value for 
the higher separation factors can, however, also be obtained by 
assuming that the limiting reaction is the catalytic combination 
of hydrogen atoms, where the difference in the zero point energies 
of the H and D atoms provides the physical basis for the differ¬ 
ence in rates of evolution. 
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(v) Cathodic Depocition of Metals 


(i) AOivalion overpotential in metal deposition 
As mentioned above, activation overpotential is observed not 
only in the deposition of gaseous ions but frequently in metal 
deposition. Overpotential occurring in metal deposition is more 
affected by the composition of the electrolyte than is hydrogen 
deposition. For instance, the deposition of lead and mercury 
from solutions of their nitrates occurs at quite high current 
densities and is accompanied only by concentration overpotential, 
whereas deposition of these metals from the acetates involves 
appreciable activation overpotential as well 
A typical example of a current-potential curve obtained m metal 
deposition is shown in Fig. 70 for the electrolysis of CuCN and ECN 
solutions at carbon electrodes. Using copper solutions only as the 
electrolyte, the polarisation is practically all concentration polar¬ 
isation, but in the presence of cyanide an activation overpotential 
is observed which rises with increasing cyanide concentration and 
decreasing temperature. One possible explanation of the latter 

__ __ ** 

535“** trolling reaction is the for- 

-1-: j f —f mation of free Cu' ions from 

‘ _/_ I _ I the complex ions Cu(CN)g' and 

~7~ j~l Cu(CN)|"', which are present 

- * -T— J — in the cyanide solution. This 

‘ _y__ viewisfavouredbythefaetthat 

I / / y with an alternating current of 

j about 16 cycles/sec., copper 

r I I I I I I II electrodes dissolve quickly in 
fO -2 0 -M -w -M -oc^-fo^nwt pojjjggjmjj cyanide solution; 

but that at higher frequencies 
Cunent dcn.ity-potei.tial Nation during g cycles/sec.) the dis- 

the deposition of copper from complex i i i . 1.^1 

cyanide Kilution. completely 

ceased. Thus, complex for¬ 
mation would be almost complete in sec. so that the cathodic 
cunent pulse can no longer deposit the Cu‘ ions formed during 


fM 0 -M -m -M -M -fO -m 

n —* 

Fig. 70. 

Cunent density-potential relation during 
the deposition of copper from complex 
cyanide solutions 


> A criterion for the absence of concentration polarisation is that the polarisation 
Tcmains practicaUy unchanged on stirring the electrolyte. 
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the anodic current pulse. After Vuw second, however, complex 
formation has not yet begun uid it is possible for anodically 
dissolved cf^per to be deposited again in the succeeding pulse. 
In other words, no net dissolution of copper takes place, The 
formation of the cyanide complex therefore occupies a definite 
time and the same must be assumed for the dissociation of the 
complex. The equilibrium constant of the reartion, 

Cu(CNV"5±Cu- + 4CN' (96) 

has been obtained from e.m.f. measurements on concentration 
cells (see p. 266), and is 




As the equilibrium should be regarded as dynamic it follows that 

— -i -A 

^ ^'On' ^dinocD. ■ ®Cu(CK),'" ^CnCClOi'" ~ ^fonnitiDn ’ ®Cb‘ > 


and 



ki iimocii. 

k 

'^foriUAtlon 


9 


where the k values are the rate constants of the respective re¬ 
actions. It therefore follows that the ratio of the time of decompo¬ 
sition of the complex to the time of formation at unit concen¬ 
tration is 


dt ! dt 

*^Cn'' 


fenttinitUim „ _2_ _ 2 iqh 


(97) 


If it is taken that the time of formation of the complex is of the 
order of 10“* sec. from the above altematmg current experiments, 
then the time of decomposition under similar conditions would 
be of the order of 10“ sec., i.e. practically infinitely slow. This 
indicates that the supply of Cu' ions by the decomposition of the 
complex occurs too slowly to be connected with the deposition 
process. Similar calculations can be made concerning dehydration 
of ions as a rate determining process in cathodic deposition and 
again extremely long times are found to be required for the 
decomposition of the hydrated complexes into free ions and water. 
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These results point clearly to the absence of dissociation and 
dehydration as rate determining reactions. In considering the 
rate controlling reaction in this case, it might be thought to be a 
simpler problem than that of the hydrogen overpotential. However, 
certain special difficulties in the experiinental measurement of the 
metal overpotential, in addition to those met with in the measur¬ 
ement of hydrogen overpotential, retard progress. Thus, the acti¬ 
vation overpotential associated with the deposition of metals 
is usually considerably smaller than that encountered in the 
evolution of hydrogen. Hence, it is more difficult to distinguish 
from the accompanying concentration ovcrpotential. A greater 
activation oveipotcntial is encountered in the deposition of iron, 
cobalt and nickel than that observed for a number of other ions and 
this led to the erroneous concept that metals of the iron group had 
some special property which led to a large activation ovcrpotential 
during their deposition. More recent measurements have shown 
that an activation ovcrpotential Ls associated with the deposition 
of practically all ions, although there appears to be some tendency 
for there to be an increase of metal overpotential with increase 
of work function of the metal. Thus, metals of the platinum group 
should exhibit higher overpotciitials than those shown in the depo¬ 
sition of iron, cobalt and nickel. Hitlierto, the electro-deposition 
of the platinum metals has only been accomplished from complex 
ions so that comparable measurements have not been possible. 

A second special difficulty associated with metal overpotential 
measurements concerns the change in the electrode surface with 
time as the deposition takes place. Neglect of this fact led earlier 
workers empirically to a series of comph’cated equations for the 
relation between and t. More rational results may be obtained 
if the following two conditions are observed (i) The metal surface 
must be a monocrystal, (ii) The overpotcntial at a given current 
density must be measured very rapidly after the commenecinent 
of the polarising current density. 

Thus for the process of discharge across the double layer, 

V = Aj 0,1. c->‘bF/RT — Aj e (1 •” a)aFlttT ^ (gg) 

‘ V. A. Roiter, V. A, Yvza nnd E. S. Poluynan, J. Phyt. Chem. Ruu„ 1089, 
13, 005, 805. 




3 OSCILLOOEAPHIC DETERMINATION OF METAL OVEEPOTENTIAL 441 


where End are rate constants, and the general form of the 
equation follows from the more detailed treatment of the kinetic; 
of an ionic discharge mechanism given in the section on hydrogen 
overpotential. There is no activity term in the second term of (98) 
because the activity of the pure metal would be involved and this 
is clearly constant during the discharge. The above equation 
can be rewritten as 

V = kia^-C-<*n>‘fl«Tc—ag^FIRT_lc^^{l-a)TizFUtT c(l-a)nVFIfT. (99) 

When t = 0, 1 ; = 0 and e = e^. Hence, 

AiOjc e—>^^FlRT = /fj ^i—tt)vFjRT — ^ _ (100) 

Therefore, 

*Dh. = H e—— to —a}iftTlRT ^ (101) 


where tjj,,_ is the rate of the passage of ions over the energy barrier. 
It follows from this equation that if tg and a could be determined 
the relation between and t would be known. These quantities 
can be obtained from cathode ray oscillographic data upon the 
vdneity of charging of the double layer and the rate of decay 
of the metal overpotential after the cessation of the polarising 
current. Thus, for the charging up of the double layer, if i is the 
net cathodic current, then. 


d _j_ . 

dt ■” zF ’ 


( 102 ) 


— ig {c-arfsFIRT _ c(l - a)tfiF/RT ) ^ 


(108) 


i 



Also, from (41), 

C == g/c; 
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Further, for decay of the overpotential, t = 0, so that, 

(§) “ ^ + e(i -««)ij*F/iiT ]. (io8) 


From equations (107) and (108) it is clear that the two unknowns a 
and ig can be obtained, accepting the value of the capacity of an 
electrode as about 18/iF per sq.cm. of true area (see p. 868). 

Determination of the relation between overpotential and current 
density in this way, t.e., in such a way that measurements arc made 
essentially only of discharge and decay of the potential upon a 
monocrystalline surface, shows that the Tafel equation is in fact 
generaUy applicable to metal deposition processes except at low 
current densities, where, as with the electrodeposition of hydrogen, 
the overpotential becomes proportional to the current density. 
Typical values of a are 0-4 - 0-5 and tg is about 10~” gram ions 
per sq.cm./sec. for metals such as iron and nickel and 10~^ gram 
ions per sq.cm./sec for metals such as zinc and copper. As the 

RT i 

Tafel equation can be written in the form rj = - -- In , it can 

r ig 


be seen that the activation overpotential associated with the 
deposition of iron and nickel will be much greater than that 
associated with the deposition of zinc and copper. 

The clarification of the overpotential-current density relation 
obtained by this method of determination {i.e. reduction of vitiating 
factors in the change of the surfaces of the electrode with time) 
leads to the acceptance of the most obvious slow step in the 
deposition of metals, namely that of slow discharge 

The detailed mechanism of cathodic metal deposition from 
complex salt solutions, particularly where the metal is present 
in the anion as in Cu(CN) 4 '", is not known at present. Obser¬ 
vations on the speed of growth of various faces of single crystals 


^ Fonnerly the variety and complexity of the relations between and i determined 
by use of a eoiitinuoiis current led authors to the assumption of several different 
slow stages controUing the kinetics of metal deposition reactions, e.g. tlic transfer 
of atoms from the points at which they arc deposited to their final lattice positions, 
and the formation of two and tliree dimensional nuclei, etc. 

> 1^ also H. Fischkr, The role of inhibitors in electrolytic metal deposition, Z. 
Electrochm., 1D48, 4B, »48, B76. 
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in the electrolysis of both aqueous solutions and melts show that 
the adsorption of ions and solvent molecules has »m important effect 
on the deposition process \ 

(u) Codepositim of tioo or more cationa 

The dependence of overpotential on 
clectrol}d;e composition makes it pos¬ 
sible to choose solutions where depo¬ 
sition of the various metals occurs 
at widely separated cathode potenti¬ 
als. It is thus possible to make the 
current-potential curves for two 
different noble metals so coincident 
that they arc deposited simultaneous¬ 
ly or alternatively so far apart that 
the co-deposition of a less noble metal 
is prevented. This latter effect can 
usually be brought about by adding 
salts wliich form complexes with one 
of the metallic ions and cause the con¬ 
centration of this ion to be greatly 
reduced, also raising the ovcrpotcntiol for cathodic depositi¬ 
on. If the current-potential curves arc such that both metals 
are deposited simultaneously the proportion of each ionic spe¬ 
cies deposited may be found from tlie curves as indicated 
in Fig. 71. The current yields for metals 1 and 2 are given 

respectively by- - — and- - —, where iP| and jjj are the current 

“1“ X* iC| “1“ X 

densities at which the substances 1 and 2 have the same cathode 
potentials. It can be seen that, owing to the different slopes of the 
current-potential curves, the proportions of the substances deposi¬ 
ted can be varied widely by a suitable choice of current density. 

In a similar way the different possibilities of co-deposition of 
hydrogen and the conditions fur the deposition of the metal or 
the hydrogen alone may be calculated if the appropriate current- 
potential curves are known. The overpotential of hydrogen at the 



Fig. 71. 

Current dciisity>|iotentiiil cuiyes 
in the simultaneous deposition 
of metals 


^ M. A. J. Wyllie, J. Chm, P^«., 1948, IB, 52. 
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cathode usually plays an important part in these cases. In general 
the deposition potential of a cation ^ is (from VII, 49), 

RT 

(<’)Dep. ==»? + Co + ^ In (109) 

and the potential therefore depends not only on the concentration 
of the ions but also on the magnitude of the overpotential at 
a given current density, associated with the deposition of that 
substance. In the case of hydrogen deposition from neutral 
aqueous solution at 2/i°C. (Og^o* ~ 10 ~''), the last term in (109) is 
—0*41 volt, and therefore 

= ( 110 ) 

As at many metals has considerable negative values (see p. 423), 
not only those metals with deposition potentials in neutral solution 
on the noble side of —0-41 volt can be deposited but even metals 
such as zinc which are generally classified as base metals. In 
these cases (e)Dep.^ g is more negative than (c)j,q, _ . The existence 

of the lead accumulator also depends on the high hydrogen over- 
potential of hydrogen on lead; for were this nut large, hydrogen, 
and not lead, would be deposited as is emphasized by the fact that 
the hydroxonium ion activity is high in the acid and the lead 
activity is low owing to the sparing solubility of lead sulphate. 

If, however, (c)j„p g ismore positive than (c)n,p at a given 
current density, hydrogen is deposited wholly or predominantly. 
This is the case for example with the alkali and alkaline earth 
metals over the whole range of the current-potential curve and 
no deposition of the.se metals can take place from aqueous solution. 
If (e)Dep.,H—(®)DBp.,BH)t.> then metal and hydrogen arc co-deposited 
and the current yield of metal deposition is again obtained from 
the current-potential curves (sec Fig. 71). An example is the 
deposition of iron from neutral solutions, iron having a high over¬ 
potential for deposition onto itself comparable in magnitude to that 
of hydrogen under the same conditions. When hydrogen ions are 
deposited from the neutral solution the electrolyte in the vicinity 
of the cathode becomes more alkaline and the ionic product 


‘ See bIbo L. B. Hohera iinil A. F. Stehnet, J. Eleclrocham, Soc., 1M9, 9R, 25. 
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of ferrous hydroxide is frequently exceeded. Consequently a 
secondary deposition of hydroxide occurs so that in such cases 
dark deposits arc obtained. A similar example is provided by the 
deposition of chromium frum neutral solution. 

A special ease arises when the metal to be deposited can form 
an alloy with the electrode material in the form of a 
compound or a mixed crystal as for instance has already been 
encountered in the polarographic analysis of alkali and mllfuHnp 
earth ions at the dropping mercury electrode (see p. 418). Ow in g 
to the considerable affinity of the alkali and alkaline earth metals 
fur mercury the deposition potential of these ions on mercury 
electrodes is displaced from its normal value by about 1 volt in 
the positive direction. Although the alkali metals are the most 
active metals in the pure state, they can therefore be deposited upon 
mercury electrodes (see p. 412). This deposition is aided by the fact 
that the hydrogen overpotential on mercury is particularly large 
and is the basis of the mercury process for the electrolytic pro¬ 
duction of alkalis. Alkaline earth amalgams can also be prepared 
by this method, which is best carried out from non-aqueous 
solvents such as acetone or pyridine. 

Depolarisation of metal deposition by alloy formation also 
sometimes occurs at solid electrodes, e.g. in the case of the depo¬ 
sition of antimony on copper, of zinc on platinum or .sodium on 
lead. 1'histype of depolarisation is nut common, however, because 
at room temperature the velocity of alloy formation and the 
diffusion velocity of one metal into another is too small. Alloys 
can be obtained by the electrolysis of aqueous solutions at room 
temperature, by depositing the metals from a solution of a mixture 
of the salts, in which an appreciable depolarisation occurs. The 
best known example of the process is the deposition of zinc and 
copper alloys in the form of brass from the complex cyanides In 
Fig. 72 the current-potential curves arc shown for the deposition 
of the pure metals, and also of bras.s, from a solution of composition 
m/100 (CuCN . 2KCN -|- Zn(CN),. 2KCN), the composition of 
which alters with the current density. It can be seen that the 


* For recent invcBtiKationB of the structure of tliese alloyB, sec, for example, E. 
Hadb and A. Anuel, Z. Eleetn^em., 1B4S, 41, SB. 
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copper depolarises the process 
of deposition of zinc by about 
0-2 volt, the curve for the depo¬ 
sition of brass being nearly coin¬ 
cident with that for the depo¬ 
sition of copper at low current 
densities, whilst that for the de¬ 
position of pure zinc is consider¬ 
ably displaced to less "noble”, 
i.e. more positive potentials. At 
higher current densities the de¬ 
position of brass occurs at lower 
potentials than the copper depo- 

Cuirent density-potentid curve, in the 

deposition of copper and dne, or bnn, used in industry as an inter- 
fram B Miiulion of cyanide complexes mediate process to facilitate 

the deposition of adhering metal 
deposits of one metal upon another. Thus for example, nickel 
does not deposit well on zinc but good adherent deposits are 
obtained if the zinc is first bra.ss plated and then coated with 
nickel. 



Fig. 72. 


(vi) Cathodic Reduction of Inorganic and Organic Substances 

Electrolytic reduction processes (see p. 260) are concerned 
either with a simple discharge of ions or with a rea(d;ion in which 
hj'droxonium ions take part and wtiich results in the oxygen 
content of the substances undergoing reduction becoming de¬ 
creased or the hydrogen content becoming increased. The govern¬ 
ing factors are similar to those of metal deposition. Whether 
reduction takes place with or without evolution of hydrogen 
depends on the form and position of the current-potential curve. 
Thus, it depends upon the standard electrode potentials (see 
Tables 24 and 25, p. 262 and 268) and the activities of the substances 
present; upon the overpotential of hydrogen and the electrode 
material used, and upon any irreversible polarisation which occurs 


* See aho A. Levin and V. Sotnkov, J. 6m. Chem, Rum., 1848, 13, 667. 
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in the reduction process itself. The catalytic activity of the 
electrode is therefore also of importance. 

In some cases reduction of ions takes place practically reversibly 
(neglecting concentration polarisation) as, for example, in the re¬ 
duction of Fe"'to Fe” at platinum, gold or iridium electrodes. Con¬ 
versely, the reduction of most polyvalent cations such as Cr’", 
Mo”' and Sn'"' to lower states of oxidation and the reduction of 
organic substances are usually associated with an appreciable 
overpotential. The general criterion that irreversible polarisation 
is present in a given case is that the position of the current- 
potential curve depends markedly on the nature of the electrode. 

Reversible oxidation-reduction reactions (as for iron above) arc 
regarded as proceeding by electron transfer processes, i.e., 

¥e"+ e„-:^¥e". (Ill) 

If the reaction were to take place through the primary deposition 
of hydrogen according to the scheme 

HfO Cp” “^H -f- HpO, 

Fe "-|-H -►Fe' -t-H', 

H' -I- HpO -►HpO', (112) 

then the reaction would be expected to be accompanied by the 
hydrogen overpotential appropriate to the metal present. Such 
is not the case. Furthermore, the above reaction (111) takes place 
at approximatdy the same rate in anhydrous pyridine as in water. 

In slow reductions and certainly in the cathodic reduction of 
many uncharged compounds, which almost always requires an 
overpotential, a primary discharge of hydroxonium ions takes 
place followed by a reduction by the hydrogen atoms produced. 
This view is supported by the coircspondencc between hydrogen 
overpotential and reduction efficiency at various cathodes. 
Compounds such as ketones and oximes which are difficult to 
reduce, undergo reduction only at metals at which the hydrogen 
overpotential is relatively high (lead, mercury, cadmium, etc.) 
whilst compounds containing the more easily reducible nitro 
groups arc readily reduced at platinum, copper, or nickel electrodes. 
Since the hydrogen overpotential can be varied by the choice and 
treatment of electrode material, it is also possible to control 
the reducing action of electrodes by making available a potential 
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range of about 2 volts, conesponding to a range of hydrogen 
pressure of approximately 10** atmospheres (see p. 240). In 
addition, at any one cathode the conditions can be closely con¬ 
trolled by varying current density, temperature, pH, and con¬ 
centration of electrolyte. Much use of the possibilities of re¬ 
duction control is made in the electrol 3 rtic reduction of organic 
compounds^. In the reduction of nitro-bcnzenc to aniline, for 
example, conditions have been so standardised that all the 
intermediate products may be prepared in good yield. 

Theparallelism between clectrolyticrcductionandhydrogenover- 
potentialis in agreement with the concept that reduction takes place 

in so far as the free energy of the hydrogen atoms formed, and 
hence also their reactivity, increases as the overpotential rises. 
However, investigations into the reduetion of quinone to hydro- 
quinonc at platinum electrodes * show that this view is certainly 
untrue in this case. Even at a positive potential of O'65 volt with 
respect to the reversible potential the reduction occurs rapidly 
at smooth platinum electrodes although the velocity of hydrogen 
deposition at this potential is quite negligible, even at active 
electrodes. The fact that a smooth platinum electrode can have 
such different activities for hydrogen and fur quinone is hardly in 
accord with the view that a reduction of quinone occurs through 
the primary formation of hydrogen atoms. This assumption must 
also be rejected because the rate of reduction of quinone depends 
upon the concentration of quinone in the solution, whilst if the 
reduction involved direct reaction with hydrogen atoms, the dis¬ 
charge of the hydroxonium ions would be rate determining and thus 
independent of the quinone concentration. It seems likely, therefore, 
that the rate determiningreactionisthatbetwccnquinoncandcithei 
one or two hydroxoniumions with simultaneous removal of electrons 
from the electrode and that this reaction also accounts for the ob¬ 
served overpotential. This concept is supported by the fact that 
under conditions such that concentration overpotential and 

‘ See the list compiled by F. Fichteii, Oigtmie Electmchmutry, Dresden and 
Leipzig, 1M2. 

' See R. Rosbnthai., A. E. Lniicn and L. P. Hahmett, J, Am, CMan. Soe., 
1987, 6S, 1795. 
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side reactions can be neglected the potential of the electrode during 
reduction of quinone obeys the Tafel eqiution, t/ = a — ft log«, 
and the slope, b, depends markedly on the pH, but is independent 
of the concentration of quinone. It seems probable, therefore, 
that here the process of discharge rather than direct reaction with 
hydrogen atoms, is responsible for cathodic reduction^. 

The cathodic material appears to have a purely catalytic effect 
upon the velocity of reduction as is indicated by the fact that 
hydrogen overpotential and reducing action are not always parallel 
phenomena. For example, the reduction of NO,'ions to NO/ takes 
place on a mercury cathode at a potential 0-6 volt more negative 
than at platinised platinum, which is attributed purely to the 
catalytic action of the metal. If it is again assumed that the 
discharge process is rate determining and that the reduction is 
nut due to a primary hydrogen deposition then this result is still 
understandable since the “activity” of individual metals for 
various discharge processes is known to be specific, as is shown, 
for example, by the different scri&s obtained on classification of 
metals in order of their oxygen and hydrogen ovcrpotentials. 

(vii) Anodic Dissolution and Deposition Processes 

Two different types of anodic processes are recognized: (a) If 
the electrode itself takes part in the electro-chcmical process this 
is spoken of as an anodtcdmo/uh‘on. Examples are the zinc electrode 
in the Daniell cell, the hydrogen electrode in the hydrogen-chlorine 
cell, and the copper anode used in the refining of copper. These 
anodes are usually metal electrodes which yield positive ions to 
the solution, (b) If the electrode material does not undergo anodic 
dissolution the only electrode process can be the deposition 
of anions (usually hydroxyl or halogen ions) at the electrode. 
Examples of almost completely insoluble anodes are the 
noble metals such as platinum and iridium, and to some 
extent gold, as well as iron and nickel in alkaline solution, 
and also carbon or graphite. All other electrode materials dis- 

* Foi direct evidence of tlic absence of reduction of inorganic substances by atomic 
liydiQgcn, see V. S. Bauutsky und S, A. Jova, Compl. rmd, Aead. Set., V.RJSJS., 
1040, S3, 430. 
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solve anodically more or less easily under suitable conditions. 

Examples intermediate between these two types of behaviour 
exist, i.e. simultaneous anodic dissolution and deposition of. 
anions may occur. For example, gold dissolves anodically in hydro¬ 
chloric acid and at the same time chlorine is evolved. In many 
cases the metal ceases to dissolve on prolonged anodic polarisation 
and the potential rises until anions are deposited. In such cases the 
metal is said to have become "passive” (see p. 461). 

(viii) Anodic Dissolution 

At sufficiently small current densities the potential of a dis- 
sohdng metal corresponds to the equilibrium potential set up 
between the metal and a solution of its ions at a concentration 
equal to the in.stantaneous concentration in the electrolyte. As 
the current density is raised, however, concentration polari.sation 
sets in as the ions of the freshly dis.solved metal accumulate in the 
vicinity of the anode, thus setting up a concentration gradient. 
The velocity of ionic diffusion appropriate to the concentration 
at the anode then controls the anodic phenomena occurring (see 
p. 402). As the current density is further increased a limiting 
polarisation value is reached when the solution at the surface of 
the anode becomes saturated with the metal salt. 

Special consideration must be given to those metals which 
dissolve to give ions of different valencies. An example of this is 
copper. The standard potentials of this metal with respect to its 
2- and 1-valent ions and the standard redox potential for the 
reaction Cu' ^ Cu" can be obtained from Tables 22 and 24 and 
have the following values: 

Co 1 (Cu', Cu") + 0-159 
e„',(Cu,Cu") -1-0-345 
e„’,(Cu,Cu') -I-0-58. 

According to thermodynamics, the free energy change accompa¬ 
nying the conversion of 1 g.atom of Cu to Cu" is the same whether 
it occurs directly or with the formation of intermediate mono¬ 
valent ions. Hence, 


2eo.if=eo,sf+e,,if, 



8 


THEORY OF COPPER REFINING 


451 


or 


eo,= ®!lL±A! 


(113) 


In general the standard potential for a metal with respect to its 
ions of higher valency lies between that with respect to its ions 
of lower valency and the standard potential of the corresponding 
oxidation-reduction process. Since the reaction Cu ^Cu' + 
requires a more negative potential than Cu ->-Cu" + 2eQ~, copper 
will go into solution predominantly as the divalent ion. Thestandard 
electrode potentials also show that Cu' ions are unstable in aqueous 
solution and disproportionate according to the equation 

2Cu'^±Cu"-|-Cu. (114) 

The above reaction moves to the right until the ratio of the ionic 
activities is such that the electrode potentials of the three processes 
mentioned above are equal. It tlien follows that, at 25 °C., 

Cl = O'l 59 + 0-059 log—^— — Cj = 0-845 . log • 

a Cu' 2 

= f j == 0-53 + 0-059 - log oV , (115) 

where the a* symbols denote the equilibrium activities of the 
ions involved in reaction (114). 


The equilibrium (114) playti un importaiit role in induRtrial copjicr refining. As 
Already mentioned a amall quantity of Cu' ioiig is formed along with Cu" iuna until 
From the law of maas action it follows thut at a given tenqieTature: 

= K . (IIB) 

Ill the imifirdiatc neighbourliood of tlic nnode the Cu" lulivity is higher than that 
in the bulk of the aolutioii and thus more Cir ions paas into solution than comv 
Bpond to equilibrium at some distuiicf* from tlic anode in tlic hulk of the rolution. 
Conacquently, a Riibsequrnt decomposition of Cu' ions iiitii inrtallie ropper and Cu" 
ions takes place, and tlie copper deposits as a ponvdcr in the form known as anode 
sliidge. The rest of Uic Cu' ions are also oxidised by iitriiospheric oxygen in the 
presence of sulphuric acid, i.e., 

2Cii- + to. -f 2U,0' -Hr 2Cu- + 3H,0 , (117) 

and this leads to a steady consuiiiptiun of aeid. At the cathode the reactions 
Cu" -H 2^0“ Cu, Cu' -I- fa" thi, and Cu" + -h^ Cu' should take place simul¬ 

taneously because at equilibrium the potentials (ei,)|, (Cd). (eg)g are all equal. 
When the equilibrium is disturbed by reaction (117), a reduction of Cu to Cu 
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oociin at the catliode until a steady state is again reached. It is for this reason 
tliat the csoppcr coulomctcr is unsuitable for precision incusurenieiits because 
not only Cu" ions are deposited at the cathode and apparent deviations fhim 
Faraday’s laws ensue. As the temperature rises these deviations increase because 
equilibrium of (114) is moved further to the right. 

Anodic behaviour similar to that of copper is shown by silver, 
gold and mercury which form the ions Ag' and Ag", Au' and Au"‘, 
and Hg" and Hg," respectively. Thus, a mercury anode dissolves at 
room temperature to the extent of D9-6% in the form of univalent 
ions, whilst the ratio Hg**/Hg* is independent of the total coneen- 
tration of mercury ions in the solution and is equal to 285. It 
follows that the equilibrium between the metal and its ions cannot 
be formulated as 2Hg* ^ Hg-f* Hg*', but rather as Hgg"^ 

Hg -f- Hg and that the 
univalent mercury ions are 
diatomic. 

The anodic dissolution of 
mercury is one of the few 
anodic processes which exhi¬ 
bits little activation overpo¬ 
tential so that only concen¬ 
tration overpotential is ob¬ 
served even at high current 
densities. Most anodic pro¬ 
cesses arc irreversible just as 
are the cathodic deposition 
of hydrogen and of most 
metals. The accompanying 
overpotential depends, as 
in the previou.sly discussed 
cases, on the current densi¬ 
ty, the pretreatment of the 
electrode, the nature of its 
surface, and the composition 
of the electrolyte. 

Consider the anodic disso¬ 
lution of hydrogen which takes place in the hydrogcn-chlorinc 
cell. Fig. 78 shows the current-potential curves for the depo- 


A 



Fig. 7B. Current density-potential curves 
for the diBsoliition and deposition of 
hydrogen on a number of electrodes 
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sition and dissolution of hydrogen at various electrodes. It is 
seen that the sections of the currcnt-potentuil curves corres¬ 
ponding for a given electrode respectively to dissolution and 
deposition are approximately symmetrical. According to (70) and 
(94) these relations are linear dose to the reversilbe potential 
but at higher current density there is a logarithmic dependence 
of potential upon current density. 

The anodic dissolution of a metal electrode is also usually assod- 
ated with an overpotential to which the Tafel equation is applica¬ 
ble. The formation ofhydratcd ions from metal atoms in the lattice 
is probably the rate determiiung process. A particularly large 
overpotential is associated with the dissolution of nickel, which, 
in contrast to iron and cobalt, dissolves without becoming passive 
up to comparatively high current densities. It appears, therefore, 
that the metal atoms require a considerable activation energy be¬ 
fore they can escape their strong attachment to the lattice, and 
that the magnitude of this activation energy depends on whether 
the lattice is complete or partly dismtegrated. At high current 
densities nickel anodes become passive and after a considerable 
rise in potential oxygen is evolved (see p. 464). 

(ix) Anodic Deposition 

(i) DeposUion of chlurme, bromine and hydro,ryl ions 

The deposition of chlorine and bromine at inert electrodes (and 
also their cathodic dissolution on platinum and especially iridium) 
show curves similar to the curves in J'ig. 73. The ovcrpotential- 
eurreut density relations pa.ss linearly through the reversible po¬ 
tential whilst at higher current densities, they pass over to the usual 
logarithmic relation. The Tafel equation is valid over part of the 
curve, but some discrepancies arise with dissolution (as in the case 
of hydrogen) and these are probably connect etl with slowness of the 
reaction Xg —►2X. At present the small amount of data available 
in this field is not at variance with the concept that these anodic 
phenomena arc also explicable from a slow discharge view-point. 
The deposition of iodine occurs easily on various electrodes; the ac¬ 
tivation overpotential is negligible, i.e. the potentials correspond 
to the reversible value. 
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The available experimental evidence for the kinetics of oxygen 
evolution resulting from the deposition of hydroxyl ions is much 
less extensive and reliable than that for hydrogen and for metal 
deposition. A considerable difficulty in the case of oxygen evo¬ 
lution is that of film formation and passivity of the anode 
material. The results are relatively reproducible on platinum and 
gold electrodes. In general, the oxygen overpotential is numerically 
larger than the hydro^n overpotential at the same current density. 
The Tafel equation only applies for the phenomena at most 
metals over a comparatively short current density range and 
the b value varies between about 0-07 and 0-80. 

The theory of tlie mechanism of the oxygen evolution reaction is 
likewise much less developed than that of hydrogen. Obvious 
possible slow stages are somewhat analogous to those discussed with 
reference to hydrogen, e.g., (i) the neutralisation of OH' ions, or 
(ii) the combination of adsorbed atomic oxygen. Some information 
of theoretical interest can be obtained from spectroscopic data, 
from which it is possible to calculate the standard potential of the 
OH radical and the oxygen atom at a pressure of one atmosphere. 
These standard potentials amount respectively to 2-01 and 1-60 
volts on the hydrogen scale. As the standard potential of the 
oxygen electrode is about 0-40 volt, the maximum overpotentials 
to which these species could give rise would therefore be approxi¬ 
mately 1*6 and 1*2 volt respectively. Only the first of these values 
is sufficient to cover the range of the observed values so that it at 
first appears that if the slow stage in the anodic reaction is the 
combination of hydroxyl radicals, the magnitude of the observed 
overpotential would be explained. Thus the hydroxy] radicals 
might combine as follows: 

20H-»-H,0-1-0, (119) 

20-►Oj. (120) 

However, an examination of the disappearance of OH radicals in 
dissociated water vapour indicates that this does nut take place 
to any appreciable extent in the gaseous state, so that it docs not 
seem probable that it would occur at the anode. 

In this connection, it Ls of interest to note that a completely 
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revertUde oxygen electrode can be set up experimentally if oxygen 
is bubbled through a porous carbon electrode immersed in Allfalini P 
solutions of hydrogen peromideK The potential of this reversible 
oxygen electrode corresponds to the overall reaction 

0, + H,0 + ^ OH' + HO,'. ( 121 ) 

This reaction involves, in one direction, the discharge of OH' ions 
so that as the electrode process is reversible it seems that, thie 
discharge may be a comparatively rapid process. It is therefore 
more probable that it is the formation of the HO, radicals vrith 
which the OH' radical can react which forms the slow stage in 
the oxygen evolution reaction. This concept is supported by the 
fact that the addition of small amounts of HfO, to the solution 
causes a drop in oxygen overpotential. 

A possible reaction path at the anode would then be, 

OH + OH -►H,0,. 

OH + H,0, -►H,0 + HO,, (122) 

OH + HO, -►H.O+O,. 

These suggestions* are, however, at present speculative. 

Apart from oxj’gen and the lialot^ns, certain nther Euiions undergo dectro- 
dqioBition. Thu§, when alkali sulphides ore electrolysed on platinum electrodes in 
aqueous solution, the formation of polysulphides is first observed and then later, 
after the solution has sufficiently increased its content nf S'' ions, the deposition 
of elementary sulphur occurs. This, when deposited on tlie electrode, acts as an 
insulator and interrupts tlie current. The sulphur then undergoes slow dissolution 
us mono-sulphide, and tlie cumml strength gradually iucretises again, so that there 
occur periodic variations of voltage and current, the frequency of which increases 
with increasing concentration of sulphide in the solution. 

In the electrolysis of alkali or alkaline earth hydrides in the solid state or 
dissolved in a salt melt, hydrogen is deposited at tlie anode in accordance with 
Fabauay's l^w. Correspondingly, carbon soiiietiiiies forms tlie union in carbides 
as does nitrogen in azides. 

(n) Deposition of bitulphate, sulphate and carboxylic acid anions 

The standard potentials of many anions are not known. However, 
the fact that their deposition potentials on platinum at low current 
densities must be considerably higher than that of the OH' ion, 

’ W. G. Bebl, TVoni. EUctroehem. Soc., 1B43, H, 2S8. 

' A, lIicKUNO, Quart, fin. of the Chtm. Sec., 1MB, III, No. 2, B5. 
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foUows from the fact that the decomposition potential of most aque¬ 
ous acid or alkaline solutions has a constant value of 1'70 volts, 
independent of the nature of the acid or alkali. The same entities 
are thus discharged independently of the nature of the acid 
radicals. The only entities present in all aqueous solutions are 
hydrogen and hydroxyl ions, which must therefore be the ions 
which discharge at platinum electrodes in acid or alkaline solution. 

By using high current densities and electrodes at which the 
oxygen overpotential is high, it is possible to deposit certain 
anions simultaneously with, or preferentially to, the hydroxyl ion. 
This fact is made use of in the industrially important preparation 
of persalts. If a strong solution of sulphuric acid is electro]y.scd 
at smooth platinum electrodes at high current density, HSO|' 
and SO 4 " ions are discharged as well as OH' ions and persidphuric 
acid is produced, according to the reactions: 

2HSO4' -►HjSjOg + 2Co~ and 2SO*" ->SgOg" + 2Co-. ( 128 ) 

In the presence of NH 4 ' or K' ions, ammonium or potassium 
persulphate respectively crystallise out on the anode. When 
electrodes such as platinized platinum or iridium, which exhibit 
a smaller oxygen overpotential tlian .smooth platinum, are used, 
no formation of persulphate occurs. Under suitable conditions 
(high acid concentration and low temperature) the current yield 
can be so increased that up to 80% persulphate can be produced. 
Percarbonates and perphosphates can be prepared by a .similar 
anodic oxidation and these are used like the persulphates in the 
manufacture of hydrogen peroxide. 

A further example of deposition of other anions preferentially 
to the hydroxyl ion is found in the Kolbe synthesis, where the 
anions of aliphatic carboxylic acids arc depo.sitcd and form paraffin 
and olefin hydrocarbons together with some by-products. The 
electrolysis of neutral nr slightly acid acetate solutions at .smooth 
platinum electrodes may be made to yield either ethane at high 
current densities or mainly methane at low current densities. 

The niechaniim of this much studied, mid untO Kcently not ftilly understood, 
reaction has now been elucidated by the introduction of deuterium into, for example, 
the acetic acid to be electrolysed *. At high current densities discharge of anions 

* K. Clubics el al., Z, physikul. Chm., ID4iS, IN A, ii4I; IMS, l>2, 273. 
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takes plBCe almost ezlusively and the acetoxyl radical undergoes a secondary 
exothermic reaction to form COg and a methyl nulical, as follows; 

2 CU|COO -+2CHjCOO 4* + 2CO| —20k.CHl. -►CgHi + 2CO,. (124) 

The adsorbed CH, radicals are present in such high concentration at high current 
densities that their combination to ethane occurs very rapidly. The energy released 
in tliis process, aliout 04 k.coi. per mnl. is given up to the electrode as in the 
analogous case of the ailsorption of hydrogen. Allow cnirrent densities the coiioen- 
tnition of illg radicals is small and their coinbinution to etlianc is less important 
than their reaction witli excess ac^c add according to the equation 

CH, + CHgCOOU - 4 -CUgCOOH - 6 k.oal. (125) 

When CH|CO()Il in DgO is electrolysed only CH 4 and nnt CH,D is formed, and 
this shows that Uic fniirtli II atom of the methane produced originates from the 
methyl group of acetic aeJd. The molecular residue-Cl{|COOIl is transformed 
completely into CO, and H,0 by the oxygen also deposited at low iniirent densities, 
and as a result the cathodically deposited hydrogen consists at fiifit only of 1 ), 
although later on increasing amounts of II, are evolved. Tlie iiicthune, however, 
always remains free of diniteriiini. 

In the eleilrolysis of higher fatty acids it is mainly olefines which are evolved 
at the anode. Thus, propionic acid gives mostly etliylenc, bedsides small amounts 
of ethane, butane and etlianol. Hero again the introduction of deuterium into 
ilic acid iiioleeiile gives a clear decision on the nii;cliaiiisiii of removal of hydrogen 
rniiii the ethyl radicals by tlic simultaneously deposited oxygen. If CD,. CIl,, COOU 
and CU,. ('D,. COOl) are electrolysed, the same eihylenie compound CD, = Clf, 
is formed in both eases, and it follows tiuit the hydrogen originates from the inetliyl 
group and not from tlic iiietliylcne group of the radicals CH,. CD,' and CD, . CH,'; 
for otherwise, two different cthylciies w'ould be formed difrering in molecular weight 
by two units. 

(x) Ekctrochtmical OxidtUim and Substitution 

Anodic oxidation of organic compounds is largely irreversible. 
As illustrated above in the case of tlic Koi.be reaction, in the 
anodic oxidation of organic compounds complete decomposition 
usually takes place to carbon dioxide and water. Ileversible 
redox systems such a.s that of hydroquinone-quinone are rare. 
Although ill some cases the oxidising reaction at the anode can 
be controlled, considerable current and material losses nearly 
always occur owing to extensive oxidation to resinous materials. 
Even simple oxidations, such as that of a primary alcohol or 
aldehyde to a carboxylic acid, do not occur with 100% efficiency 
because the acid itself undergoes further oxidation. The result 
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is that in anodic oxidation, — particularly of an aromatic sub¬ 
stance, — a multiplicity of products arises and these are usually 
difficult to separate fh)m each other. 

In analogy with the view that cathodic reduction takes place 
after an initial deposition of hydrogen at the electrode, it has been 
frequently assumed that anodic oxidation occurs after a primary 
deposition of oxygen whilst higher metal oxides arc supposed to 
play some part in the processes as oxygen carriers. In the case of 
the oxidation of hydroquinone, however, (c/. reduction of quinone, 
p. 264), the mechanism is by means of direct reaction with H|0 
molecules with a simultaneous release of electrons to the electrode. 
The release of charges is probably the rate determining process 
and can be regarded as the cause of the observed overpotential. 
It is probable that this type of mechanism is a common one 
and, contrary to the above stated view, primary deposition of 
oxygen in anodic oxidation may not occur. It is likely that the 
latter process takes place by direct reaction of the organic sub¬ 
stance with the OH' ions, which would then release an electron 
to the carrier metal. The electron transfer process would then 
be rate and potential determining. 

The difficulties of direct oxidation of organic compounds have 
led to the introduction of a technique of adding inorganic oxygen 
carriers to the electrolyte. These carriers act as depolarisers and 
prevent the anode potential from exceeding a certain value. It is 
the practice to add metal anions having several valency states 
which set up a definite oxidation-reduction potential at the inert 
electrode which is not exceeded during the reaction. The best 
procedure is to work in two stages, the first anodically oxidising 
the inorganic salt and the second allowing the oxidised salt to 
react with the oi^anic compound. In this way a controlled anodic 
oxidation can be achieved whereas direct anodic oxidation may 
be too extensive. Typical oxygen carriers used are the salts of 
manganese, cerium, and chromium. As can be seen from Table 
24, p. 262, Ce"” ions are especially strong oxidising agents; they 
can convert anthracene directly to anthraquinone in sulphuric 
add solutions. The same is true of chromic add which is prepared 
from chromic sulphate by anodic oxidation. 

Halogens, or related atomic groups such as the thiocyanogen 
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group, can, like oxygen, be anodically introduced into oi'ganic 
molecules. The best known industriaUy important example of this 
process is the electrochemical preparation of iodoform. An aqueous 
alcoholic solution of KI, made weakly alkaline with sodium car¬ 
bonate, is electrolysed at a platinum anode. The iodine initially 
deposited comes to equilibrium with the OH' ions in the electrolyte 
according to the reaction 

I, + 20H' I' + 10' -f- H,0, (126) 

and hypoiodite is formed which oxidises the alcohol to aldehyde, i.e., 

C,H|OH + 10' -».CHsCHO +1' + H,0. (127) 

The aldehyde is then attacked by more hypoiodite in stages to 
form tri-iodoacetaldehyde, thus, 

CHjCHO + 810' -».CIsCHO + 80H'. (128) 

The tri-iodoacctaldehydc is subsequently split up by alkali into 
iodoform and formic acid, which is itself oxidised by the hypo- 
indite to carbonate as follows: 

CI,CHO + OH' -► CI,H + HCOO', (129) 

HCOO' + 10' + OH' -►CO." 4-1' + H,0 . 

In order to form one mol of iodoform, five mols of hypoiodite arc 
hence required. The net reaction at the anode, obtained by 
combining (126 - 129) is, 

81' + C^HsOH + 90H' -►CIjH + 7H,0 + CO." +10 c„-. (180) 

Hydrogen is evolved at the same time at the cathode, i.e., 

lOHjO' + 10 -►lOH.O + 5H, , (181) 

and the net elect,rolytic reaction is accordingly 

81' + C.H.0H + H,G- + H,0 ->01,H + CO," + 5H,. (182) 

The electrolyte therefore becomes increasingly alkaline as the 
electrolysis proceeds. In alkaline solution, however, hypoiodite 
quickly forms iodate, thus, 

810 '-► 10 ,'+ 21 ', 


(188) 
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and the yield of iodoform therefore falls rapidly unless the alkali 
is continuously neutralised during the electrolysis by passing in 
carbon dioxide. 

In an analogous way, chloral, chloroform and bromoform can 
be formed. In a suitable solvent aromatic compounds also can 
be chlorinated. For. example, in the electrolysis of a solution of 
hydrocldoric acid and benzene in glacial acetic acid at platinum 
electrodes a progressive chlorination of benzene takes place. With 
increase of current density and temperature, chlorination increases 
up to hexachlorbenzene. As the deposition potentials of oxygen 
and chlorine at platinum approximate to the same value at low 
chlorine concentrations, an oxidation frequently occurs as a side 
reaction producing chlorinated phenols and qiiinoncs. Electro¬ 
chemical halogenation can also be extended to dyestuffs (prepa¬ 
ration of eosin and fluoroscein, eic.). 

(xi) Electrolytic Methods in Analysis 

Besides polarographic analysis and potentiometric titration 
methods, several other electrolytic methods of analysis have been 
introduced and used particularly as rapid techniques. Usually 
the object of such methods is the successive determination of 
several metals, e.g., Cu, Zn, Pb, Ni, Cd, etc., rather than the 
separation of several substances. High current densities and temper¬ 
atures and rapid stirring of the electrolyte decrease the time for 
quantitative deposition of each metal. 

In the electrolytic separation of several ionic .species in the same 
solution, use is made of the different deposition potentials of the 
species, or salts arc added to the solution which by the formation 
of complcjces causes di.splaccment of the current-potential curves, 
thus bringing about sufficient difference in their deposition ]>o- 
tentials (sec p. 448). Two methods arc in u.sc, and may be referred 
to as “outer” and “inner” electrolysis. In the former method the 
solution is electrolysed by means of an outer source of emrent, 
usually between platinum electrodes, either at constant current 
density, at constant potential, or with a variable potential as 
measured against a reference electrode. This latter measurement 
is necessary if, for example, the deposition of hydrogen, which 
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reduces the adhesion of the metal deposits, is to be avoided at the 
end of the electrolysis when the cathode potential becomes more 
negative. 

In “inner” electrolysis a base metal, e.g. pure zinc, is used as 
the anode and this is connected directly to the platinum cathode. 
A short-circuited cell of the Daniell type is thereby produced 
and the ions of the nobler metals in solution deposit onto the 
cathode. Well defined conditions have to be employed to obtain 
adherent deposits. The end of electrolysis is detected by a sensitive 
spot test. If the cathode potential is measured simultaneously 
against an auxiliary electrode the change in potential shows 
how much of the metal present has been deposited. According 
to (VII, 49) in the deposition of copper the cathode potential 
becomes 0-059/2 volts more negative when the Cu" ion concen¬ 
tration is reduced tenfold. The measured change in cathode 
potential therefore indicates the fractional decrease in concen¬ 
tration of the ion to be determined. For example, if the cathode 
potential is 0-170 volt at the beginning of electrolysis and has 
fallen to —0-056 volt when measurements arc made then the 
Cu" concentration has decreased by a factor 10* (i.e., it has 
become 10~'% of its original value) and in a t}rpical rapid 
method of analysis this takes place in about 80 minutes. 

B i b I i 0 K r a P li y; A. Fbumkin, Faraday Soe. Ducumion, 1M7, 1, 57; J. N. 
Aisab, Kiutlia aj Electrode J'raceMW, Atm. Ktp. Chem. Soc., l«ndoii, 1R47, 44, 
5; J. O'M. Buckbis, Recent Advance* in Hydrogen Ooerpolenlial, Chem, Tlcv., 
ms, 4.7, .525; A. Hickling, The Mtchaniian of Electrode Ptoeeate* in AqueouM 
Stdvtums, Quart. Rev. vf the Chem. Soe., IMP, Bl, No. 2, 05; S. Fikld, 
Ptineiplea of Elrelrodepoaition, London, 1044; S. Glasbtons und A. lIiCKiiiNO, 
Electrolytic Oaidatim and Reduction, London, 103G; S. Glasktune, Aim. Rep. of 
Chem. Soe., London, 1037, 34, 110; S. Ciasrtonk und A. IIiukung, Chem. Rev., 
Electrolytic Oxidation and Redaction, lOJJO, 25, 407; H. Dieiii., Eleidradietmcal 
Analyiii with Graded Cathode Potential Control, Colonibus, 1048. 


4. Passivity 

A sudden, considerable drop in current may occur whilst a 
metal is anodically dissolving (see p. 465). Such a phenomenon 
signifies the onset of the ptusive state of the metal, and in so far 
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as the metal may no longer be attacked by acid the passivity 
often remains after polarisation has ceased. In effect the metal 
has become more noble. If the polarising potential is raised further, 
oxygen evolution usually begins or in certain cases the metal 
dissolves to give ions of higher valency than before the voltage 
was increased. 

Two types of passivity are recognised. The first, mechanical 
pasriwly, depends on the existence of a protective, often insoluble, 
but comparatively thick and visible, layer (e.g. of metal salt) on 
the metal. This layer virtually isolates the metal from the solution 
and presents a resistance to the passage of current or causes a 
large PDneentration polarisation. Chemical passivity ^ on the other 
hand, occurs without visible change in the appearance of the 
metal and some of the phenomena connected with it are not as 
yet explained in full detail. 

(i) Mechanical Passivity 

The protective layer of a sparingly soluble metal .salt upon 
the electrode, which is the fundamental cause of mechanical 
passivity, is formed in the following way. When the metal dis¬ 
solves anodically there is an excess of metal ions in the vicinity 
of the anode. At the same time the solution near the anode loses 
hydrogen ions owing to the tendency of these to migrate towards 
the cathode. Continued electrolysis hence causes the solution in 
the vicinity of the electrode to become .saturated with metal ions 
so that a salt (the normal or the ba.sic salt of the metal, according 
to the pH of the solution near the anode) tends to precipitate 
out upon the anode, thus forming an insoluble film, which is, 
however, porous, so that it continues to grow until it is visible. 

^ The phenomena desoribed here under the term chemical imssivity are sometimes 
discussed under the headings: (i) Anodic or eUctrochmical ptmuity, wliich refers 
to the type of passivity which occurs, for example, in the anodic dissolution of 
cliromium in acid sniutions. (ii) Chemical paasivUyt which occurs, for example, when 
iron is dipped into nitric acid, the initial dissolution being succeeded by a state of 
passivity in which the iron no longer dissolves. These two subtypes of passivity 
have been shown to occur for fundamentally the same reasons although they ore 
brought about by respectively electro-chemical and diemical means. Tliey ore 
hence here treated under the heading of chemical passivity. 
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The effective surface area of the electrode is very considerably 
decreased in this way, thus giving rise to an increase in current 
density which in turn brings about a rise in potential so that 
another process, e.g. the discharge of hydroxyl ions, can occur. 
If the film is a good conductor, e.g. lead dioxide, the hydroxyl 
ion discharge takes place onto the outer surface and oxygen is 
evolved. 

It is characteristic of mechanical passivity that, before the 
appearance of the protective layer on the metal, the anodic 
dissolution is approximately reversible, i.e., it occurs near the 
equilibrium potential, and that the cathodic deposition of the 
same metal takes place without any marked overpotential. 
Mechanical passivity, caused by the formation of a film of an 
insoluble compound on the metal surface, is observed under certain 
conditions at almost all metals when they arc polarised anodically. 
This is particularly so in alkaline solutions because most metal 
hydroxides are sparingly soluble in water; they therefore tend to 
precipitate more easily upon the electrode surface, thus protecting 
it, i.e., making it passive. A typical example is the anodic behaviour 
of pure iron in 40% sodium hydroxide at 70 °C. At low current 
densities the iron dissolves as Fe" ions at a potential of —0*85 
volt. When the current density is raised to 0-0088 amp./cm.*, 
the electrode becomes covered with a black layer of oxide (proba¬ 
bly FcjOj) and the potential suddenly jumps to 0-63 volt. After 
this potential is reached the oxide film becomes brownish red, 
ferrate ions, FeO|", are formed, and oxygen is evolved at the 
same time. The film on the electrode is thus here sufficiently 
porous to permit further dissolution of iron. 

The behaviour is different when the film on the electrode is 
so adherent and continuous that it almost completely isolates 
the metal from the solution. If the film also has a low electron 
affinity the flow of current ceases almu.st entirely. Potentials large 
enough for sparks to be observed (up to 1000 volts) can arise in 
this way. Examples of this behaviour arc given by aluminium and 
tantalum and an oxide film is formed which according to capacity 
measurements is about 10“’ cm thick. The actual protective effect 
is attributed to an additional gaseous oxygen layer which clings to 
the electrode partly by adsorption and partly by chemical forces 
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and almost completely isolates the dectrode from the solution, 

If the passivated anode is now made a cathode the potential 
falls because the metal of the electrode yields electrons more 
easily than do the anions of the solution. The protective layer 
behaves differently when the direction of current is reversed, 
and consequently aluminium and tantalum electrode^ act as 
rectifiers, i.e., they allow current to pass in one direction only. 
Aluminium rectifiers are of restricted use in practice, however, 
as upon use the oxide film gradually becomes thicker and the 
ohmic resistance correspondingly increases. 

The anodic oxidation of aluminium and its alloys is of great 
technical importance apart from the use of aluminium as a 
rectifier. In the Eloxal process, highly protective layers of good 
insulating power are prepared. Even under ordinary atmospheric 
conditions aluminium is covered with an adherent and continuous 
oxide film which accounts for its good resistance to corrosion. 
By anodic treatment of the aluminium in a suitable solution the 
oxide film can be made thicker and the corrosion resistance 
increased. Electrolytes used in the anodising process arc sulphuric 
acid, oxalic acid, or mixtures of these, as well as chromic 
add. Depending on tlie nature of the electrolyte and its concen¬ 
tration, the temperature, the current density and any “addition 
agents” added to the bath, the anodising process gives protective 
films of varying colours, hardncs.s, flexibility, conductance and 
chemical inertness. 


(ii) Chemical Passivily 

If an iron electrode is made anodic in acid or neutral solution 
the metal dissolves as Fe" ions. If the applied potential is .slowly 
raised a point is reached where the current falls sharply to a 
very small value, which changes little upon increase of potential. 
In these respects chromium, cobalt and nickel behave similarly. 
The anodic dissolution of the metal then virtually ceases and if 
the applied potential is rai.sed further, oxygen or halogen evolution 
begins. Similar chemical passivity can be observed in the anodic 
dissolution of many metals in cells, the e.m.f. of the cells in these 
cases being lower than the reversible value. The chemically passive 
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state can also be reached if the metal (iron, nick^, etc.) is treated 
with concentrated nitric acid, chloric acid, or some otlier oxidising 
acid. Many metals are also rendered passive by long exposure to 
atmospheric oxygen. 

It is characteristic of chemical passivity that when the applied 
potential is slowly reduced from a high value the current-potential 
curve does not trace the same course as it did when the potential 
was increased. From the behaviour shown in Fig, 74 it may be 
concluded that chemical passivity causes a permanent change in 
the state of the metal surface, a concept supported by the fact 
that a passive metal acts 
as a noble metal by no 
longer dissolving in acid. 

The metal can be re¬ 
activated by cathodic 
polarisation or by 
bringing it under the 
solution into contact with 
a baser metal such as zinc 
or cadmium. In the latter 
method the current aris¬ 
ing from the short cir¬ 
cuited cell which is set 
up acts in the .same way 
as if the iron were cathudically polarised, so that hydrogen is 
evolved at the iron (see p. 444). Chemical passivity is found to be 
favoured hy a decrease in hydrogen ion activity in the solution 
and hence is most liable to occur in alkaline solution. A particular 
instance is that of nickel which can be used as an inert anode for the 
decomposition of water in alkaline solution (for example, it is used in 
the electrolytic gas coulomctcr). With increase in temperature, pas¬ 
sivity occurs less easily and arises only at high current densities. 
Above a certain critical temperature it appears that metals cannot 
be passivated. 

1 Fainivity can tlieiefore be liindcicd by laperiinposinf; on altematinj; i!UTrent 
of low frequency onto a direct current. The cathodic pulces of the A.C. largely 
overcDini! the tendency tii piiMivAtc. This principle is used in tlie coiiiiiiercial 
refining of gold. 



Fig. 74. Sclicinatic representation of current 
density-potential curve for anodic passivity 
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The theory of chemical passivity presents many more diffi¬ 
culties than that of mechanical passivity because in the former 
phenomenon no visible change takes place at the electrode 
surface, which presents a smooth appearance in both the active 
and the passive states. Many years ago, Faraday suggested that 
chemical passivity was due to the protection of the metal surface 
by a very thin, invisible layer of metallic oxide, which was 
supposed to be insoluble in acid. Although the modem theory 
of chemical passivity is based essentially upon this concept, 
Faraday’s views have had to be modified and developed for they 
presented a number of difficulties. Thus, earlier experiments 
showed that the reflecting powers of a metal in the active and 
passive states are the same. Further, the oxide layer in Faraday’s 
view had to be insoluble, whereas oxides such as Fe,0| in the 
usual form are acid soluble. 

These difficulties of the oxide film theory of passivity have 
more recently been overcome. Thus, it has been shown that polar¬ 
ized light is not reflected in the same way by the active and passive 
forms of the metal which also have different photoelectric em- 
mission. Secondly, oxides such as FejO| arc known to be insoluble 
when in a certain form, e . g . after heating. Finally, Evans showed 
that by gentle anodic oxidation or by the use of iodine, the 
metallic part of a passivated metal could be dissolved away, 
leaving a thin, transparant, but just visible film of oxide 

The mechanism of formation of this oxide film occurs in a 
manner initially similar to that of the formation of the deposit 
of a salt in mechanical passivity. The porous deposit of normal 
or basic salt continues to grow until it covers the whole cathode 
and finally becomes visible. The resultant decrease in area of the 
metal electrode free for passage of current brings about an increase 
in current densities and hence a corresponding increase in the 
electrode potential so that hydroxyl ion discharge occurs, although, 
contrary to the case of mechanical passivity, this takes place 
onto the metal surface and not onto the deposited layer. An 
adherent , wvisihle film of oxide is hence formed beneath the 
comparatively thick layer of salt. When this film of oxide has 


* U. R. Evans, J. Chem. Sui., 1927, lOSO. 
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completely covered the whole of the electrode, surface, oxygen 
evolution begins, and "blows off’ the initial, relatively non- 
adherent film of basic or normal salt which has served its purpose 
in decreasing the surface area and thus increasing the current 
density so that the thin, invisible oxide film could form under¬ 
neath it. This film remains firmly fixed upon the anode, and 
in a form not readily attacked by acids. Furthermore, os the 
metal becomes passive it cannot dissolve, so that no more ions 
pass through the oxide film. The film cannot grow, therefore, and 
must always remain invisible. 

Confirmation of the above views on passivity has been obtained 
by an oscillogi'aphic study ^ of the cathodic activation of iron 
pas.sivated in nitric acid from which it was shown that activation 
consists in the reduction of a surface oxide. With sufficiently short 
cathodic pulses a quantity of electricity amounting to about 
IQ-* coulombs/cm.*, and independent of the duration of the 
pulse, was necessary for activation. The value of the product of 
current density X time for the rcmo\nd of passivity was constant 
even when the time was varied a hundredfold, and this quantity 
of electricity was found to be sufficient to reduce a monomolecii- 
lar layer of ferric oxide in accord with the theory outlined above. 

If the potential changes associated with passivity on iron in 
nitric acid are examined in detail with the cathode ray oscillo¬ 
graph it appears that the potential corresponding to the passive 
state (about +1 volt) is displaced by the activating pulse initially 
to a potential of about -|-0-5 volt. It then falls further indepen¬ 
dently after the polarising current has ceased to flow and finally 
reaches the potential of the active .state, about -|-0-8 volt. It 
seems clear that the actual process of activation neccs.sitatcs the 
reduction of the monomolecular oxide layer, and this takes place 
at the intermediate potential of -{-0-5 volt. Local currents then 
automatically reduce the remainder of the oxide present, and 
only when all the oxide is reduced docs the fall in potential 
to that of the active state take place. It follows that not all of 
the oxide present on an electrode is essential for passivity, but 
that this phenomenoin depends upon a monomolecular layer of 


^ K, F. BoNnoBFraa and H. Beinert, Z. EMOmAtm., IMl, 47, 147, 441, 580. 
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oxide having the characteristic properties commented on above. 

The oxide film theory of chemical passivity throws light on 
various experimental facts connected with passivity. Thus, a 
passivated metal can be activated by making it a cathode because 
of the reduction of the oxide film consequent upon hydrogen 
evolution. Passivation often occurs more readily in solutions of 
higher pH because the oxides of many metals, e.g. iron, cobalt, 
nickel and chromium are less soluble in alkaline than in acid 
solution. Finally, ease of passivation decreases with increase of 
temperature because the solubility of the initial layer of metal 
salt is increased so that the formation of the visible film is retarded. 

The investigations into the passivity of iron are of special 
interest. If an iron wire passivated in concentrated nitric acid 
is touched with a zinc rod an active zone appears and this spreads 
along the length of the wire as is shown by the formation of 
bubbles. The wire then immediately returns to the passive state 
due to the nitrous acid produced during the reaction. The spread¬ 
ing of the active area along the wire is in many ways similar to 
the propagation of a disturbance along a nerve and the activation 
of a pas.sivc iron wire in this way can serve as a model of conduction 
processes in nerves. The .spreading of the activated area takes 
place when a potential difference exists between an adjacent 
active and passive spot which then forms a local cell (c/. p. 40 !)) 
so that a current flows between the “active” anode and “passive” 
cathode. The latter is reduced and in its turn becomes on "active” 
anode which will form another local cell with a passive spot further 
along the wire. This process continues until the area of activation 
has traversed the whole wire. The initial stimulus is transported 
along the wire at a rate which, for electrical transport, is com¬ 
paratively slow, just as is the transport of current along a nerve. 
Further, in nerve action there is a lower threshold of exci¬ 
tation below w'hich no excitation takes place. This effect has its 
counterpart in the cathodic activation of iron, for there is a 
current density below which no activation of the passive metal 
takes place, even though current may flow for a long time. 


Bibliography: U. R, Evans, Mr.taUie Corrorian, Paagivitf/ and Proieciiont 
London, 1D4U. 
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5. Corrosion ot Metals 

The mechanism of corrosion processes depends essentially upon 
the action of “local elements". A local cell or element consists es¬ 
sentially of a short circuited voltaic cell having as its electrodes 
a noble and a base metal dipping into acid solution. Ovring mainly 
to the difference in electron affinities of the two metals of 
such a cell, one tends to dissolve more rapidly than the other. 
This dissolution cannot, however, take place unless the supply 
of electrons liberated by the dissolving metal flows through the 
conductor connecting tlic anode to the cathode. It follows that 
at the latter, more noble metal, hydrogen must be evolved if the 
dissolution of the baser metal is to continue. In a local cell, 
therefore, there must be not only electrodes of different electron 
affinities but also the nobler of these metals must have a com¬ 
paratively low hydrogen overpotential. The condition for the 
deposition of hydrogen at a metal is given by 

RT , 

*’dcp. — "jp ®ir » 

where is the hydrogen ion activity in the solution and is 
the total overpotential in the deposition of the hydrogen at a 
given rate. It follows, therefore, that if a “local current” is to 
flow, the electrode potential of the base metal must be more 
negative (t.c. “higher” in the electrochemical series) than C],gp . 
Fundamentally, all corrosion phenomena depend upon this 
mechanism of the flow of local currents, which leads to the 
dissolution of the baser component of the local cell. 

In practical corroding systems the two electrodes of the typical 
local cell are tlie bulk metal (comparatively base, e.g. me), 
which undergoes dissolution, and a itoblc metal of comparatively 
low hydrogen overpotential, (e.g., copper), which is present in 
the metal as an impurity. These impurities need not be of 
a different metallic species from the bulk metal but may 
be oxides or sulphides of this, having a low hydrogen over¬ 
potential. It is hence ob^douN that the corrosion of very pure 
metals wiU be much less rapid than that of impure metals. Local 
currents (and hence the velocity of corrosion) will be increased 
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if the difference in the hydrogen overpotential between the two 
elements of the local cell is large; conversely, if the noble metal 
is, for example, mercury, which has a large hydrogen overpotential, 
the corrosion almost entirely ceases. Local currents are also 
increased by decrease of the resistance between the poles of 
the local element by means of addition of electrolyte to the 
solution. In systems out of solution, moisture, i.e. water con¬ 
taining a small amount of dissolved electrolyte, has a similar effect. 
From the above equation for it can also be seen that re¬ 
duction of Og. causes to become more negative, so that the 
condition that g. ,-, .,- should be more negative than gg^p nuy 
not be maintained and corrosion may cease at a certain pH. 
Another important factor in increasing the velocity of corrosion 
is the presence of a depolariser (g.g. air). This aids the removal 
of hydrogen from the cathode of the local cell, and hence increases 
the velocity of corrosion. The overpotential of the more noble 
metal is now no longer important because the hydrogen can be 
removed (and hence the base metal can corrode) by means of the 
depolariser even at a surface of large hydrogen overpotential. 

A second substance contained in the bulk metal is not always 
necessary for the formation of local cells; these can, for example, 
be brought about in a metal by strain, which creates areas of different 
electron affinities, i.e. different electrode potential, so that a po¬ 
tential difference exists between such different areas, giving rise to 
local currents and corrosion. Depolarisation by oxygen is neces¬ 
sary here, however, because the difference in the hydrogen over- 
potential of the areas of different electron afiinities is insufficient 
to promote corrosion at an appreciable rate. For example, pure 
zinc docs not dissolve in dilute acid rapidly until oxygen is 
bubbled through the solution. 

A different type of corrosion from those described above occurs 
when the depolariser (g.g. oxygen) is not uniformly distributed 
over the metal surface {differential omygeruUion corrosion). The 
parts of the metal which are in good contact with oxygen vrill 
hence undergo more efficient depolarisation than the otherparts and 
the latter thus become anodic and dissolve, whereupon hydrogen is 
deposited at the cathodic regions. This type of corrosion accounts 
for the acceleration of the rusting of iron under portions covered 
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with wet rust; to these oxygen has no access and they therefore 
become anodic and continue to dissolve whilst oxygen is still 
available. A similar mechanism is responsible for the corrosion 
of metals covered by a non metal, e.g., paint. 

The above brief outline of the mechanism of corrosion immedi¬ 
ately suggests methods for its inhibition. Thus, addition to the so¬ 
lution in contact with the corroding metal of a salt of a noble metal 
of high hydrogen overpotential, e.g. mercury or tin, gives rise to the 
deposition of the metals and the evolution of hydrogen, together 
with the corrosion velocity, is very largely reduced. Again, certain 
organic compounds, mainly aromatic amines such as aniline, 
acridine and morphine, inhibit corrosion upon addition to the solu¬ 
tion. It is found * that the inhibition of metal dissolution and the 
simultaneous increase of the hydrogen overpotential of the dis¬ 
solving metal run parallel to each other so that the mechanism 
of inhibition in this case is clearly that the bases of large dipole 
moment become adsorbed upon the electrode and raise the hy¬ 
drogen overpotential thereof. In a converse manner, certain 
substances, e.g, nitrobenzene, act as activators because they 
depolarize the hydrogen deposition at the noble metal inclusions. 
Similarly, the addition of metals of particularly low overpotential 
to the solution increases the velocity of corrosion, because of the 
increased rate at which it is po.ssiblc to evolve hydrogen upon the 
deposited additive. Thus, it is a principle of corrosion protection 
to separate the metal surface from nobler metals of low hydrogen 
overpotential. For example, if iron is coated with nickel, the iron 
is only protected from corrosion so long as the nickel completely 
isolates it from the external cause of corrosion. If the coating is 
damaged, or if there is a pore, where the iron is exposed, a local 
cell arises in the presence of moi.sturc, the nickel becoming cathodic 
and the iron anodic. Because nickel has a comparatively small 
hydrogen overpotential, relatively large local currents flow and 
coiTo.sion of the iron is rapid. Conversely, zinc plating of iron 
is efficacious as a protection, because if the coating is damaged, 
it is zinc which, being the baser metal, becomes anodic and 
dissolves, whilst the iron becomes cathodic and is hardly attacked. 


' J. O'M. Ro€khis and B. E. Conway, J. Phjfa. Chm., 1D49, 53, 588. 
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6. Electrolysis in lldts 

The electrolysis of molten salts (“melts”) differs in many 
respects from electrolysis in aqueous solutions. Among the main 
differences are the high temperatures required, the reactivity of 
the constituents of the system at high temperatures, the presence 
of thermoelectric e.m.f.’s and the solubility of metals in melts. 
The processes occuring during electrolysis both at the electrodes 
and in the melt itself arc not as controUable as in aqueous solution. 
For instance, in the discussion of Faraday’s laws as applied to 
melts (sec p. 16) it has been seen that the current yield is almost 
always too snaall. A frequent cause of these current losses is that 
the cathodically deposited metals dissolve in the melt, diffuse to 
the anode and react there with the anodically deposited gases to 
reform salts. Depending therefore on the solubility of the metal in 
the melt, the temperature, the current density, the distance apart of 
the electrodes, etc., the current yields deviate from the theoretical 
value. Thorough investigations of the electrolysis of lead chloride, 
for example, have shown that the current yield decreases with in¬ 
crease of temperature, decreasing cathodic current density and de¬ 
creasing distance between the electrodes, because changing these 
factors in the direction indicated favours the dissolution of the 
deposited metal and its transport to the anode ^ At the boiling 
point of lead (956 °C.) and at less tlian a critical current density 
depending on the experimental conditions, a point is reached where 
no more lead deposits. 

The current yield is dependent on the composition of the melt. 
Addition of potassium chloride, sodium chloride or barium chloride 
raises the current yield in the electrolysis of lead chloride, other 
conditions being unchanged. This finds explanation in the fact that 
the solubility of lead in these foreign salts is small and falls sharply 


^ Besides diffiuion, tlicimal convcctinn and stirring by the gas evolved frinn the 
anode me important facton. 
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as the melt becomes inercasingly rich in them. Addition of ferric 
chloride on the other hand decreases the current yield for lead 
deposition considerably because the reduction of Fe'" to Fc" 
takes place in preference to the deposition of lead. 

The losses in current yield caused by recombination of metal 
and gas deposited at cathode and anode respectively can be 
reduced by electrolysing at the lowest possible temperature. This 
can be achieved in practice by working with salt mixtures whieh 
melt below the melting point of the pure salt and so choosing the 
added salts that the solubiUty of the cathodically deposited metal 
is depressed. If, in addition, the apparatus is eonstructed so that 
the melt is separated into an anolyte and a catholyte and the 
products of the electrolysis are not allowed to make direct contact, 
then approximately quantitative yields can be obtained. This is 
clearly of considerable importance in industrial electrolysis. 

A relation of the same type as (lOft) for the deposition of ions 
holds also for the electrolysis of melts. The deposition potential 
depends on the reversible electrode potential and on the over¬ 
potential, which in turn depends on the current density. In 
contrH.st to aqueous solutions the reversible single potential in 
melts, measured against an arbitrary zero of potential, is not 
accurately dctcrininalde (see p. 248). It is only possible to 
niea.sure the e,m.f.’s of eells such as 

Pb |PbCl, |C1, (C), (I34a) 

or 

A1 |A1A |Oi (H), (184b) 

Mult. 

which cannot be separated into single potentials. Here the e.m.f. 
is a measure of the maximum useful work of the formation of 
the salt from its elements under given conditions of temperature 
and pressure. As all the reactants are pure they have an aetivity of 
one and henee the electrode potentials are standard potentials. In 
Table 37 a series of these E„ values is given for a prc.ssurc of one 
atmosphere together with their temperature coefficients which 
have been found to be constant throughout the temperature range 
studied (Eg is found to be a linear function of T). 

It is important in molten salt electrolysis to consider the effect 
of thermo c.m.f.’s on the nacasurements. If cathode and anode 
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are of different materials and a large temperature gradient exists 
between them, the thermo e.m.f. may constitute a considerable 
part of the measured e.m.f. * 

TABLE 87 

THE E.tf.F.'8 AND TRMFEHATUBE COEFFICIENTS OF E.M.F. OF CEIiLB 
OF THE TYPE M | MX | X (M') 

—a(< —(,) 


Salt 

li"C. 


a. 10* 

Salt 


Ek 

B.IO* 

AIQ, 


i-Bvr 

4-57 

FbClj 


1-278 

0-25 

AlgO, 

1118 

2-215 

5-7 

PbBr, 


1-062 


ZnCl, 


1-578 

6-85 

Fbl, 


0-54 


ZnBr. 


1-887 

0-8 

AgCl 

470 


80 

CdCl. 

600 

1-825 

0-8 

AgBr 

500 


2-0 

CdBr. 

580 

1045 

7-4 

Agl 


0-528 



An attempt has been made to imitate the prooediire in aqueous Bolubions by 
evaluating the single potentials of the metals in their melts ({.e. to obtain on 
electrochemical series lor melts) by arbitrarily assuming that one of the single 
potentials (e.g., II in the cell below) is zero and then making measurements on cells 
of the Danieix type, 

Mei I MejCl | MenCl | Men, (185) 

MpH Melt 

to determine tlie potential of the other electrode (r.g., 1) with respect to this zero. 
The iliffusion fNitcntiul between the salt melts is, however, not known, and although 
in some cases tliis potential is probably small (see p* 278) it is usually so large 
tliat any absolute single potcntialB thus obtained are usclesB even for approximate 
calculation *. The suggestion has also been made that single potentials of the metals, 
for example with respect to tlicir molten chbrides, could be calculated from cells 
of type 184a by taking the potential Ag | AgCl as the arbitrary reference zero. 
Hnwever, this too is unsatisfactory siiice the chlorine potential varies with different 

^ For method of correction, see: L. C. Chano and G. Deroe, i4mer. InsL Afin, 
Md, Metal Technol., 13, No. 7. 

' This can be concluded from the fact that the e.m.f.'s of these Daniell type 
cells are not additive. For instance from the c.nuf.'s of the two cells 
(Cathode) Fb | FbC], | TlCl | T1 (Anode) with Ei = 0-888 volt, 
and (Cathode) Cd | CdCl, | TlCl | T1 (Anode) with =: 0-815 volt, 
the e.m.f. of the ceU (Cathode) Fb | FbCl. | CdCl, | Cd (Anode) should be 
= 0-088 volt, whereas it is 0-118 volt at the same temperature 

(650 ”C.). 
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metal chknidea. In addition, little is known of tbe state of dissociation or aothrity 
ooeffidents of electrolytes in the molten state so that notMng definite can be said 
alioiit the unoertainties introduced bjr the variation of the chlorine potentlaL 

Since the reversible single potentials of metals in their salt 
melts are ambiguous, it is evident that the corresponding depo¬ 
sition potentials are also uncertain. Current-voltage curves are 
however obtainable for elcctrol^is of melts and the decomposition 
potentials can be obtained from these by extrapolation to t = 0. 
In Table SB some values for the decomposition voltages of 
various molten salts arc given. Special attention must be paid in 
such measurements to the fact that no depolarisation arises as a 
result of the dissolution of the deposited metal in the melt and 
the diffusion of metal to the anode. Such a depolarisation can 
bring about the flow of a considerable current before the decom¬ 
position voltage is reached, and may cause the inflection in the 
current-potential curve to become less distinct and the extra¬ 
polation to t = 0 correspondingly less accurate. Another difficulty 
arises due to the water content of the melt which may cause a 
spurious inflection in the current-potential curve due to the 
decomposition of water. The potential applied to the cell then only 
reaches the value for the decomposition of the salt after the 
limiting current density (or diffusion current) for water has been 
attained (see p. 397). Finally, beside the simple decomposition of 
the salt, other electrode processes nuy occur. Thus in the electrolysis 
of molten SnClj, SnCli and not C], is deposited at the anode, i.e. 
the decomposition potential corresponds to the overall reaction 

2SnCl| —►SnCl, -|- Sn . 

Conversely, reduction of the metal to a lower valency state 
and complete discharge of the metal ions may occur. An example 
of this is the case of calcium chloride where the decomposition 
potential corresponds to the net reaction 

2CaCU -►2CaCl -j- Cl,. 

Special reactions of this kind can be detected by determining 
the cathodic and anodic current yields. 

The decomposition voltages of melts decrease linearly with 
rising temperature as do the e.m.f.’s of cells such as (184a). 
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TABLE 88 

DECOKKamON VOLTAGE OF MOLTEN BALTS FROM CUB RENT-POTENTIAL CURVES 


Salt 

1 

LiCl 

Naa 

NaBr 

KCl 

KBr 

KI 

MgCI, 

CaCI, 

BaCl, 

rc. 

800 

840 

BOO 

800 

m 



Im 

1005 

Volts 

8-17 

8-00 

2-85 

8-10 

2-B2 



8-28 

8-14 


If the electrochemical reaction were to take place reversibly 
the decomposition voltage would be identical with the c.m.f. 
of the corresponding reversible- cell. However, at the higher current 
densities, ovcrpotcntials are frequently connected with the 
electrode processes and can be determined by comparing the e.m.f. 
using the working electriNlc with that obtained using a stationary 
auxiliary electrode of the same metal in the vicinity of the cathode. 
These overpotential values arc generally small as would be expected 
since in aqueous solutions overpotential is known to fall with 
increasing temperature. The overpotential at constant current 
density during cationic deposition from molten salts with a common 
cation depends markedly upon the anion. 

Another method of attempting to determine the electro¬ 
chemical series for the metals in their melts is to determine 
the cathodic current-potential curves using a calomel reference 
electrode, the current connection being a glass capillary filled with 
solid .silver bromide *. Any diffusion potentials wliich arise are 
neglected. A series of potentials is thus obtained which is given 
in Table 89 and compared with the electrochemical scries in 
aqueous solution. The table shows that the two potential scries 
have several differences as might be expected from previous 
considerations (sec p. 250). 

As an example of the difficulties which are often encountered 
in the field of electrode processes in melts the commercial pro¬ 
duction of aluminium may be coasidered. The method is based 
on the electrolytic decomposition of alumina into aluminium and 
oxygen. Owing to the high melting point and low electrical 


‘ A. Dadieu, Monalih. Chm., 1026, 47, 207, 
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TABLE as 

ELEUTBUCnBmCAL BRBIES OF HETikUl IN AQUEOUB BOLDTION AND IN HOLISN SALTS 







Co 

Ni 

Sn 

Pb 

5b 



Hg 


Multen Salt 

A1 



Pb 



Ag 

Sn 

Co 

Ni 

Hg 

Sb 

Bi 


conductance of alumina, molten cryolite, Na^lF,, is used as a 
solvent. The conductance of molten cryolite-alumina solutions 
decreases linearly with the alumina content. Extrapolation to 
100 % alumina shows that the conductance of alumina in the 
mixed melt is negligible, and transport measurements show that 
the current is carried mainly by the sodium ions in the melt. 

As alumina does not conduct in the melt it was at first assumed 
that the primary process in the electrolysis of the mixed melt , is 
the decomposition of sodium fluoride into its elements. The 
alumina was supposed to act as a dcpolahscr both at the cathode 
and the ancMle by means of secondary reactions as follows: 

Cathodic process, CNa"'' + 0 ►ONa , 

6 Na + AljOs -► 3Na,0 -|- 2A1; (J 36) 

Anodic process, 6 F” —►SFj -|- 6 c," , 

3F* + A1,0, -► 2 AIF, -f 3/2 0*; (187) 

After the further reaction: 

2 AIF 3 3 Na 20 —^AljOj -f- 6 NaF, (138) 

alumina and sodium fluoride should remain. If the anode is not 
platinum but carbon the oxygen produced in (187) reacts to form 
carbon dioxide and carbon monoxide thus giving ri.se to further 
depolarisation. 

Measurement of the decomposition potentials of cryolite-alumi¬ 
na melts appeared to confirm these suggested reactions. At low 
current densities the decomposition potentials were found to be 
2-10 volts with a platinum anode and 0-98 volt with carbon, whilst 
the decomposition potential of pure sodium fluoride is calculated 
thermodynamically to be about 4-5 volts. At high current densities 
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the cuirent-potential curve rises sharply and as it becomes a loga¬ 
rithmic relation the fact that some electrode process is slower than 
the others is indicated (see p. 426). Referring to the reaction 
scheme given above this slow process would be the diffusion of 
alumina to the electrodes which makes the reactions (186) and 
(187) proceed at a decreasing rate. If the melt is allowed to solidify 
the decomposition potential rises to 4-18 volts (or close to that 
calculated for pure sodium fluoride) because transport of alumina 
then becomes practically impossible. 

However, a more thorough examination of the system ^ has 
now shovm that the mechanism of electrolysis actually differs 
from the above scheme. It has been established that aluminium 
reacts vigorously with pure molten cryolite at 1000 "C. with 
evolution of sodium vapour which bums on the surface of the melt. 
The melt then contains excess aluminium fluoride after this re¬ 
action, in which part of the metalhc aluminium disappears, i.e., 

Na,AlF, -t- A1 -►2A1F, -|- Na. (189) 

It follows that under the conditions of electrolysis sodium is more 
noble than aluminium, i.e. the secondary reaction (186) cannot 
occur and aluminium itself must be primarily deposited. The fact 
that the nobler sodium is not deposited can only be accounted 
for by the existence of an overpotential for sodium deposition 
on aluminium. In fact, with a carbon cathode, sodium is preferen¬ 
tially deposited from the melt, but if the bottom of the crucible 
is first covered with molten aluminium the deposition of sodium 
is greatly retarded. The co-deposition of sodium and aluminium 
probably accounts for low current yields in aluminium production; 
these cannot be explained upon the basis of aluminium metal 
fogs which are absent from the melt owing to the reaction with 
the melt to form sodium. 

The assumption contained in (187) that fluorine is primarily 
deposited at the anode and that this gives rise to a secondary 
evolution of oxygen is an improbable one; fluorine is ton electro¬ 
negative for deposition; e.g., it cannot be deposited from aqueous 
solution. If fluorine were the primary deposition product as in 


* E. GuCnebt. Z. Ekklndim., IMit, 48, BBS. 
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(187) it would be expected to react with the carbon anode to 
form carbon tetrafluoride, in addition to the products fonned by 
the reaction of the secondarily produced oxygen with carbon. In 
any case it would be expected that at higher current densities 
fluorine as well as oxygen would be present in the anodically 
deposited gas. Under actual operating conditions, however, the 
electrolysis causes the appearance of only carbon dioxide and 
carbon monoxide at the anode, and it thus appears that oxygen, 
or in any case ions containing oxygen, must be primarily deposited. 
The existence of oxyfluoride complexes, formed when the alumina 
is dissolved in the cyrolitc, can be proved by examination of the 
solid mixed crystals of alumina and cryolite. 

Bibliography: P. Duossdacii, The Elertrodkcmutiry o/ AioUm Suite, Borlin, 
1B38; J. O'M. Bockrib and J. W. Tomunbun, Coiutifutibn o/ Mtlte, Ratanh, 
1940, S, SSSi. 


7. Fuel Cells 

(i) /njrodtictton 

Usual methods of producing electrical energy involve the com¬ 
bustion of coal, the production of steam and its use to drive 
dynamos. Apart from energy losses in the heat of eombustion 
of coal, etc., it is intrinsically impossible to exceed a certain 
efficiency for the whole proce.ss because the conversion of thermal 
energy into kinetic energy by a heat engine is known to have a 
maximum possible efficiency given by (II, 08). In practice, the 
maximum obtainable overall efficiency of the coal-steam-dynamo 
method is about 30%. Essentially similar remarks apply to 
modifications of this method (or producing electrical energy which 
involve diesel engines, gas turbines, etc. To attain to a less wasteful 
metliod of producing electrical energy, a method must be found 
which avoids the use of a heat engine. 

The use of a primary cell would satisfy this requirement and 
be in principle an extremely efficient method of obtaining electrical 
energy. In the ideal case, where the cell would function as a source 
of e.m.f. without the setting up of appreciable polarisation, the 
efficiency would be 100%, i.e. all the energy of the chemical 
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reaction occurring in the cell would be converted into chemical 
energy. Most primary cells used in practice involve some metal 
such as zinc; however, considerable energy is needed to produce 
the metal from its ores in the first place and when this is taken 
into account, the net efficiency of the production of electricity 
from a primary cell is small. What is required, therefore, is this: 
a primary cell in which the attackable electrode material is one 
of the substances used as fuels, i.e., essentially, carbon. (As shown 
below, a secondary fuel obtained from a carbonaceous fuel with 
only a small energy loss, may also be used). The other electrode 
material in such a primary cell would be essentially oxygen. Then, 
in the working of such a cell, the overall reaction is the combina¬ 
tion of carbon and oxygen to form carbon monoxide and carbon 
dioxide; thus, the cell reaction is essentially the same as that 
occurring in the combustion of fuels, but, in principle, the efficien¬ 
cy of the process should be much greater than that in which 
electrical energy is produced by a process involving thermal 
combustion and a heat engine. Cells of the type just described 
are termed fuel ceUs. Many hid cells can be represented in general 
as: 

Fuel I Electrolyte | Oxygen (as air). 

The basic mode of action of all fuel cells is that in which oxygen 
is applied to the fuel in the ionised state; a potential difference 
is thus produced between the electrodes and a current flows. Two 
main types of fuel cells exist. In the direct fuel cells carbonaceous 
matter forms the attackable electrode, e.g., 

C I Melt of K,CO„ Na,COj | (0,) Ag. 

borax, KF and cryolite 

In the indirect fuel cell, gaseous fuels such as hydrogen and carbon 
monoxide are used to saturate the electrode, e.g., 

Ni I Molten | (0,) Ag . 

Nat. borax 

CO 

The reason why the use of fuel cells as a method of producing 
current is not yet practicable on a large scale lies in the severe 
practical difficulties associated with them. Thus, the e.m.f. of 
such cells is small (of the order of 1 volt), so that the cell must 
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be able to produce a high current strength. This usually sets up 
polarisation and the current strength drops considerably. To reduce 
the polarisation sufficiently it is frequent to work at fairly hjgh 
temperatures (e.g, 500 °C., where the use of a molten salt electro¬ 
lyte is essential). A second difficulty concerns the internal resis¬ 
tance of the cell. This may increase with time owing to the resis¬ 
tance set up by products of irreversible side reactions. 

(ii) Praetieal Examples of Fuel CeUs 

In the direct fuel ceU, oxygen in the form of some oxygenated 
ion is discharged at the anode and combines with carbon present 
there. Electrolytes used for oxygen transport are alkalis such as 
caustic soda, or acids such as sulphuric acid, as in the cell 

C I H,SO. i KCIO, 1 C. 

Carbonate and lead oxide melts have been used as electrolyte. 
In a cell utilising fused sodium carbonate, a magnesia diaphragm 
is used to keep the ferric oxide electrode dry. In this cell, the carbon 
is attacked by the carbonate according to 
the equation 

NajCOj -H 2C -► (2Na) gas -|- 8CO, 

giving ri.se to a high potential, 2 v. After a 
short time, however, the carbon deposition 
equilibrium is set up (2CO —► CO, -j- C) and 
the carbon dioxide brings about oxidation 
of the sodium vapour, which is equivalent 
to reduction in the e.m.f. 

Solid electrolytic conductors have been 
efficaciously used in some recent ccUs 
they make possible the use of high tempera¬ 
tures whilst diminishing the corresponding 
attack on the refractories. The solid electro¬ 
lyte acts as a diaphragm in separating the carbon anode from an 
iron oxide cathode, i.e., 

^ E. Back and II. Preib, Z. Eldttnchem., 1D87, 43, 727; IB8B, 44, 605. 



Fig. 75. 

Fuel wll with dectro- 
lytic solid conductor 







482 


IRBEYEnSIBLE ELECTRODE PROCESSES 


XI 


C I Solid conductor | (0,) I'e |04 

(see Fif. 75). It is dearly important that the conductor has a 
small internal resistance and is free from polarisation. Good results 
have been obtained from a mixture of tungstic oxide (WO,) and 
CeO, in a ratio of three to one and bonded with clay. The internal 
resistance is of the order of 1 ohm. 

Cells such as the above become heated to the required tempera¬ 
ture by virtue of their inner resistance, the efficiency being about 
70%, or about double the efficiency of the ordinary heat engine. 
The most important property of this simple, robust cell is that 
it is practically perfectly impolarisable almost to the point of 
short circuit. This is illustrated in Fig. 76, where the net current 
from an element containing 5 ceHs in series is shown as a function 
of time with different loads. Such an apparatus would produce 
about 8 kilowattfm.*, which compares well with the space needed 
in t\\e production of power by coal. 

U 

i 

200 
150 
100 
50 
0 





















fi 

15V : 

mv 



































Oi 1-0 t'5 20 2-5 J-0 3^ 

—Houn 


Fif, 76. Current delivered Uy fuel cells at different ipad 

In the indnect fttel cell, gases derived from fuel, e.g. CO, are 
caused to interact in the anode compartment of the cell with dis¬ 
charging oxygen ions. This method has the general advantage 
that it avoids the removal of ash and the problems relating to 
the poor ionisation of carbon. Conversely the free energy 
av^ailable for conversion to electrical energy is less than for the 
combustion of carbon dioxide. 
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1'he gases are only effective when in contact with dry electrodes; 
hence the electrolyte must not wet the exposed fKisition of the 
tube. It is desirable to attain equilibrium between the adsorbed 
and free gases as rapidly as possible; in some arrangements this 
purpose is aided by the use of diffusion electrodes which consist, 
for examjde, of porous carbon tubes, the section in contact with 
the electrolyte being platinized. The gas passes from inside the 
electrode through its porous walls and can thus become electro- 
motively active over the whole metal. 

Gases used in indirect fuel cells have been most usually carbon 
monoxide and hydrogen. Attempts to set up carbon monoxide cells 
to work at room temperature, e.g. 

Cu I CujCl, in acid solution | CuCl| in acid solution | Cu 

latil. by CO oxidised by air 

have not been fully successful because there is never a reversible 
oxidation of carbon monoxide to carbon dioxide. 

In a typical high temperature indirect fuel cell, the electrode 
is usually in the form of an oxide and this undergoes reduction 
by the hiel gases and becomes subsequently reoxidised by the 
discharged oxygen. For example, 

Fe I FeO (Fuel, gas) | Carbonate melt | Fe^Oj (Fc,0,) (0,). 

In this cell magnesia was used to prevent wetting of the electrodes; 
the anode was of iron wire clippings and the cathode of granular 
nugnetite, both contained in porous magnesia blocks. The cathode 
was kept oxidised by a stream of air and the anode was reduced 
by hydrogen or carbon monoxide. The temperature of operation 
was between 900 and 800 “C. and the current density of the order 
of 1 amp./cm.*. 

It will be realised that could a satisfactory fuel cell be produced 
economically, a new era of the production of power would com¬ 
mence. Much further investigations is necessary, however, before 
practical difficulties are overcome so that cells can be produced 
sufficiently cheaply. 

Bibliography; H. C. Howakd, CAemiftiy and Cool VHKsatim, VoL 2, 
Chap. 85, p. 1568, New York 1D45; J. H. McKee and A. M. Aiiams, Fud , 1M9, 
11, 1; n. J. T. Blunohah, qf. Suiiiniaiy iu Nofnre, 1850, 166, 108. 



CHAPTER XII 


ELECTROCHEMISTRY OF GASES 


1. Production of Charge Carriers 

(i) Introduction 

Under normal conditions of pressure and temperature, gases 
contain virtually no free ions or electrons and are therefore non* 
conductors. Passage of a .sustained current in a gas is possible 
only if charge carriers (ions or electrons) are produced continu¬ 
ously by some artificial means, the conduction of electricity then 
being taken over by these charge carriers under the influence of 
an applied field. Ionisation in a gas may take place cither by the 
absorption of radiation by neutral molecules or by means of transfer 
of kinetic energy to such molecules during an inelastic collision. 
Particles of high kinetic energy .suitable for imparting energy in 
such collisions arc contained in the a and p radiation from radio¬ 
active substances; they can also be produced thermally or by the 
acceleration of electrons or ions already present in an applied 

TABLE 4» 

IONISATION ENKROIES OF IHPOllTANT BASKS IN ELECTnON VOI.TS 


Unre gaaes 

Metal 

vapour 

MoJeciiles 

He 

24-4B 

Li 

5-87 

H, 

15-8 

CO 

14-1 

Ne 

21-47 

Na 

5-10 

N, 

15-7 


14-4 

Ar 

15-08 

K 

4-82 

0. 

12-5 

NO 


Ki 

18-94 

Rb 

4-10 

HgO 

12-7 

NO, 

11-0 

Xe 

12-08 

Ca 

8-80 

Cl, 

18-2 

CH, 

14-5 



Zn 

9-87 

HCl 

18-8 

C,H, 

11-3 



Cd 

8-04 

I. 

9-7 

C.H, 

9-a 



Hb 

10-41 

NH, 

11-2 

HCN 

14-B 



T1 

6-08 
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electric field. This collision method is the most important one 
for brinjpng about ionisation in gases. 

For ionisation to take place, the energy, 17, transferred in the 
collision, or obtained from the radiation incident upon the gas, 
must be at least as great as the ionisation energy, 1, of the atoms 
or molecules concerned, i,e. the esaentM condition for ionisation is 

U^I. ( 1 ) 

The ionisation energies in electron volts of the more important 
gases are given in Table 40 (see also Tabic II, B in Chapter XIV). 

The condition U ^ / is a necessary hut not sufficient one for 
ionisation since even if it is fulfilled such a collision or absorption 
process docs not always lead to ionisation, because the rate of 
ion formation depends also on the ionisation probability which 
in turn depends on the magnitude of [7. For [7 < 7 it is zero, 
it then increases with increasing values of V and attains values 
of about 0-8 for large values of V. * 

In ionisation processes depending upon absorption of radiation, 
the condition 

U^hv^I ( 2 ) 


is applicable, where hv is the energy of the photon. From this 
equation and the use of the appropriate numerical values from 
Tables I, 2 and I, 8 of Chapter XIV, it is possible to evaluate 
the long wave length limit at which ionisation can occur for any 
given atom or nioleeuh^ namely. 


h.c 12.800 , 


(») 


where 1 is in c.v. By substituting some I values from Table 40 
in (3) it may be seen that radiation of very short wavelengths 
must be used to bring about ionisation (e,g. for Hg, Ig = 1190 A). 
If the energy of the photon is greater than I, the difference in 
energy is taken up as the kinetic energy of the emitted electron. 
If X-rays (where ilg is of the order of 1 A) arc used, the energy 
hv is about 10* times larger than I so that the energy of the electron 


* This refers tn ioniiiatiiin by colliunn with eleetroni. In ioniiutinn )iy isoUirion witli 
positive inns the yield is much smaller btsiause in collisions between masses of the 
same order there is a Bonsidenblc transfer of translational unei|^ so that only a 
fraction of tile kinetic energy is available fur the ionisation. 
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produced upon ionisation of a molecule is hence very large and 
the electron can then give rise to the coUisional ionisation of 
further atoms or molecules until its velocity is greatly reduced. 
The ionisation of molecules is sometimes accompanied by decom¬ 
position, typical processes being the following; 

Ct^ -► CO -I- 0+ -I- e- (I = 19-6 e.volt); 

NO ->■ N"*" -|- 0 + Cq" (/ = 22 e.volt); 

HjO —► OH -|- H+ -|- Cg" (/ = 18'9 e.volt), etc. (4) 


(ii) The Theory of the Formation of Charge Carriers 

The theory of the formation of charge carriers by electron impact 
in a homogeneotts electric field can be conKidcred in terms of the 
simplest case in which the primary electrons are formed at the 
cathode only (e.g. by the photoelectric effect). Let be the 
number of electrons released per unit area per second at the 
cathode, and let each primary electron produce a secondary 
electrons per unit length of its path* towanls the anode (a is 
called Townsend’s first coefficient), then at distance x from the 
cathode — N„-\- N is the total number of electrons crossing 
unit area of the tube. Between x and x dx it follows that a 

dN = N. a. dx (5) 


electrons are produced since the secondary electrons themselves 
form new tertiary electrons by collision and so on (“electron 
avalanche’’). Integrating between » = 0 and x = r{r = distance 
between electrodes) the total number of electrons, , arriving 
per sq.cm. per second at the anode is 

N^ = N,.e^^. ( 6 ) 

Hence, the current density is 


i = (7) 

CoUisional ionisation thus effects amplification of the current 


density by a factor 


/ 




■•ear 


( 8 ) 


^ lonisatioii by poutive ions ifl niiglected in compaiifion with that by clectroiiB 
for the leBBon stated in the footnote on page 485. 
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If the field is inhomogeneous, which is practically always the 
case (sec p. 498), then a is a function of x, and heiice in place 
of (8) one obtains 

(8a) 

i = e 

The coefficient a must be proportional to the number of collisions 
per cm. with molecules and hence to the pressure of the gas. It must 
also depend on the kinetic energy attained by the electrons between 
two successive impacts. This energy is directly proportional to 
the product of the field strength and mean free path, and the 
latter is inversely proportional to the pressure. Consequently, 
a is proportional to p fiFjp) where / represents “function of’. 
Empirically, the dependence of the Townsend coefficient on 
pressure and field strength is given by the approximate relation 


^ = (9) 


where A and B arc constants, characteristic of the given gas. 

The thermal production of charge carriers, e.g. that observed in 
flames, takes place by virtue of the increased energy of the col¬ 
lisions between atoms and molecules thcmselvc.s. The ions and 
electrons produced thereby are in temperature equilibrium and 
hence possess a mean translational energy of y, which thus 
increases with increasing temperature. These ions and electrons 
can themselves cause further ionisation and are more efficient 
in bringing this about than are neutral atoms or molecules. The 
density of the ions would hence increase indefinitely were it not 
for the fact that they undergo recombination to form molecules 
again so that a certain temjierature dependent equilibrium concen¬ 
tration of ions is set up. For the simplest case of a monatomic 
gas, and neglecting the energy used by the electrons in giving 
rise to excited energy states in particles after collision, this 
equilibrium can be evaluated by means of ordinary chemical 
kinetics. By equating the rates of formation and recombination, 
the appropriate calculation leads to the Saha formula, namely. 




h? 


(10) 
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where Oj, is the degree of ionisation of the gas, p is the gas 
pressure, T the temperature, I the ionisation energy, m the mass 
of the electron, k the Boltzmann constant and h Planck’s 
constant. 

The equation can be tested by means of conductance measure¬ 
ments on flames and has been shown to be a good approximation. 
The larger the ionisation energy /, the higher must be the tempera¬ 
ture needed to reach a given degree of ionisation. Large degrees 
of ionisation are only reached at temperatures of several thousand 
degrees, which in practice nearly always means in an electric 
arc (see p. 496). 

It is also possible to produce charge carriers at the surface of 
solids, resulting in a continuous current in the gas in contact with 
this surface. In most cases, this method involves electron emission 
by heating electronic conductors (e.g. metals, metallic oxides, 
nitrides, etc.) so that the electrons which they contain arc raised 
in energy above the level of the thermionic work function of the 
solid, and arc therefore released. As the temperature is raised 
the velocity of the conduction electrons becomes greater, so that 
the fraction of them with sufficient kinetic energy to escape is 
considerably increased. From a knowledge of the energy distri¬ 
bution in the electron gas it is possible to calculate the density 
of the thermionic current, which is given by 

i = A.T^.e-fl^ ( 11 ) 

(Richardson’s equation). The work function of the substance con¬ 
cerned is represented by tp and A is a constant, which varies be¬ 
tween 65 and 100 amps/sq.cm, degree* for pure metals. Thermionic 
emission from heated cathodes can thus lead to the passage* of 
quite large currents (as required in radio valves, rectifiers, etc). 

Solids can also be made to emit electrons by means of incident 
short wave radiation, the electrons being activated to the energy 
necessary for escape by the energy of the light quanta (photo¬ 
electric effect). Secondary electron emission also results from the 
impact of ions or electrons on a metal surface. Lastly, some metal 
salts, raised, to high temperatures, also emit positive ions. For 
instance, an anode of Fe^O,, A1,0, and alkali oxides emits positive 
alkali ions. 
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2. Non SeU-Snstaining Gonduction in Gnses 

Gaseous discharges which need continuous activation from 
some external energy source for their maintenance, c.g. by means 
of radiation (photoelectric effect) or thermionic emission, are 
grouped together as “non self-sustaining discharges”. In con¬ 
trast to this, in the "self-su.staiiiing discharge”, the charge carr¬ 
iers are maintained (after their initial production by one of the 
sources mentioned above) in the gas or at the cathode by mecha¬ 
nisms produced by the applied field itself. 

The simplest example of a non self-sustaining discharge is pure 
electronic conduction in a high vacuum. The electrons, which 
arc here the charge carriers, are initially produced at the cathode 
by irradiation (vacuum photocell), or thermionically and then 
accelerated towards the anode by means of an applied electric 
field. In gases, non self-sustaining discharge takes place when 
the gas is continuously ionised by some external means, .such as 
X-rays or radioactive radiation, and when the field .strength and 
the temperature are too low for collisional ionisation (which would 
lead to a sclf-su.staining current) to occur. 

The current-voltage curs'c in .such a non self-sustaining current 
is somewhat analogous to that of the diffusion current in electro- 
]y.sis (sec Fig. 62). There is an initial proportionality between 
current and voltage, i.e. Oum’s law is applicable. This indicates 
that no new charge carriers arc formed by the electric field (see 
p. 84). The charge carriers move as if experiencing frictional 
forces, as in the migration of ions in solution, so that a constant 
applied field gives rise to a con.stant velocity. At higher applied 
potentials, the current increases more slowly than corresponds to 
Ohm’s law, and finally a saturation current is obtained, due to 
the limited number of charge carriers present. 

The charge carriers present consist of positive and negative 
(mo.stly imivalent) ions, and their mobility in, say, air at a pre8.sure 
of 1 atmosphere and room temperature, is of the order of 
I’S -1*9 cm./sec. *. The ionic radii estimated from this are 8-5 


^ The ratio u_/u^ is alHiut 1-8B under thitie coiiditioiiB. The negative iona thua 
always have the greater nmbilities and the greater diffusion eoeificients. 
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times as large as the molecular radii. The charge carriers therefore 
probably consist of complex ions formed by the attachment of 
water molecules or other, similar dipoles present in the gas, to 
the original simple ions. Charge carriers having both considerably 
smaller and greater mobilities than those mentioned above are 
also observed as, for example, colloidal particles (aerosols) and 
electrons, respectively. 

The magnitude of the saturation current in non self-sustaining 
discharges clearly depends upon the number of charge carriers 
present and this in turn is a function of the rate of their formation 
by collision with externally supplied electrons or absorption of 
radiation and the rate of recombination, which destroys a fraction 
of the charge carriers before they can give up their charge to the 
electrodes. If N univalent ion pairs are produced per cc. per 
second and if the electrodes are r cm. apart, the saturation current 
density i, given by (I!) 

Thi.s means that the saturation current density depends only on 
the total number of ions produced per second between the 
electrodes and hence it incrca.scs with tlu; volume of the gas 
enclosed, i.e. with the distance between the electrodes. Likewise, 
the applied potential at which the saturation current density is 
reached is similarly increased. 

If the applied potential difference across the electrodes is 
enough for coUirional ionisation to take place, there is of course 
no saturation current, the current increasing rapidly with increasing 
potential. This type of non self-sustaining discharge occurs in 
gas filled photocells, for example. The rapid increase of current 
with potential indicates that the original current is beginning to 
be amplified by means of collisional ionisation. The amplification 
factor is given by equation (8) and depends on the type of gas 
used, the pressure, and the field .strength. In a homogeneous field 
(plain parallel electrodes) it follows from (8) and (9) that 

\nf = Apr.e—^*'Pl^. (18) 

The amplification factor hence increases exponentially with the 
field strength. From this equation it may also be seen that at 
very low pressures (p -► 0) and for very high pressures (p ->• ®), 
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In / = 0, i.e. / = 1, so that no amplification occurs. This is because 
at small pressures, the mean free path of the electrons is so large 
that only a few collisions with the gas molecules occur, whilst at 
high pressures the mean free path of the electrons is so small 
that they have insufficient chance of gaining enough kinetic 
energy to cause ionisation. Hence, / passes through a maximum 
at a certain pressure pg, the value of which, obtained by differ- 
rentiation of (18), comes to 

Po = . (l^i) 

i.e. it is proportional to the field, as is confirmed experimentally. 

At certain values of F (again depending on the gas preii!iure) 
the non self-sustaining discharge changes in nature and becomes 
a sdf-sustaining glow discharge which hence continues indepen¬ 
dently of further supply of external energy (see next section). 

Further practical examples of non self-sustaining gas discharges 
in addition to the vacuum photocell alrtiady mentioned are seen 
in the measurement of intensities of radiation by the ionisation 
chamber method and in the arc with independently heated cathode, 
but these arc outisde the scope of the present section. 


3. Sell-Sustaining Diseharge in Gases 

(i) Introduction 

If an increasing potential is applied to the electrodes in a dis¬ 
charge tube containing gas at a few millimetres pressure, then 
firstly, in the region of non self-sustaining discharge, there is 
obtained a current-voltage relation similar to that of Fig. 62 up 
to the point at which the saturation current is reached, when it 
appears that no further increase of current can take place (see 
above, p. 490). As the field strength is increased, however, the 
drift velocity of the charge carriers, and hence their kinetic 
energy, continuously increases. When it becomes large enough 
for the charge carriers to cause ionisation of the molecules with 
which they collide, and the po.sitive ions are produced in sufficient 
number to release electrons at the cathode upon impact, new charge 
carriers are produced and these in turn produce ions by the colli- 
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sionsl mec han ism so that the number of ions present increases 
in avalanche fashion, and correspondingly the current rapidly 
increases (see equation 7) \ 

The condUion for the change from a rum sdf-sustaining to a telf- 
mutaining process of discharge can be seen as follows. It must 
first be realised that the proeesses taking place at the cathode and 
anode in gaseous discharge are entirely different. The negative 
charge carriers, consisting of negative ions or electrons, are dis¬ 
charged at the anode. The energy liberated at the anode (i.e. the 
kinetie energy of the discharging ions and the thermionic work 
function of the electrons) is converted almost entirely into heat, 
and hence charge carriers are not emitted at the anode, except in 
the rare case of emission from hot anodes, mcntione.d on p. 488. 
On the other hand, the cathode takes up not only the positive 
charge carriers but can also emit electrons provided that the 
positive ions striking the cathode can impart to the electrons 
energy in excess of the cathode work function. Stationary self- 
sustaining discharge obviously begins when each electron thus 
liberated at the cathode brings about a sufficient energy change 
in the gas, on its passage through it, to lead to the liberation of 
at least one further electron from the cathode. The mechanism 
of this generation of electrons is as follows. An electron, on leaving 
the cathode, undergoes acceleration in the electric field and imparts 
energy to the gas molecules in collisions. Some of the particles 
involved in these collisions, t.e. the po,sitivc ions, transport a part 
of this energy back to the cathode and on their impact with the 
latter this energy is utilised in the liberation of further electrons. 

Other processes may also be contributing in this “hack trans¬ 
port” of energy to the cathode. Thus, e.g., energy in the form of 
light quanta emitted in the di.schargc, when incident on the 
cathode, may cause photoelectric emission. 

The quantitative condition for the onset of self-sustaining discharge 
may be derived directly from equation (6) provided only the trans¬ 
port of energy back to the cathode by positive ions is taken into 
account and a homogeneous field is assumed. Ng primary electrons 
produce JVge®*’' electrons at the anode. Of these, N„{e>^^ —1) have 


* 111 thiBi ioniaation by clecinjiu playa the moat impurtant part (aee note 1 p. 485^. 
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been formed in the gas as secondary electrons and a corresponding 
number of positive ions is therefore also produced. Each primary 
electron hence produces e**’' — 1 positive ions in the gas. Elach of 
these positive ions must produce a yield of C new electrons at the 
cathode so that at least one new electron per original electron 
emitted is produced. Hence the condition fur spontaneous dis¬ 
charge is 

C(car_l) = l. (15) 




M 


(ii) Glm Discharge 

The principal forms of self-sustaining gaseous discharge are 
(in order of increasing current) the glow and arc discharges, of 
which the heavy current carbon arc is of special importance. It 
is only possible to understand the ate s » t g 
phenomena occurring when one 
takes into account the fact that 
even with plain parallel electrodes 
the electrical field in these dis¬ 
charges is not homogeneous, but 
very strongly distorted. If the 
potential-distance relation in a 
low pressure glow discharge tube 
is established by means of wire 
probes, the curve given in Fig. 77 
is obtained. It can be .seen that 
the largest part of the potential 
fall occurs in the neighbourhood 
of the cathode. This "caUiode fall” 
is the most important part of the 
glow discliarge. In a certain current range it depends entirely 
upon the gas and the material of the cathode and is independent 
of the gas pressure and current (normal cathode fall). Thus, with 
platinum electrodes in air it is about 400 volts and increa.scs with 
the electronegativity of the gas and work function of the cathode 
material. A second, much smaller, potential fall is observed at 
the anode {“anode falV'). In the middle space between the 
electrodes the potential falls gradually and linearly. 


_ 


^Cafhodr 

1 

fali 

f 1 



Kir. 


Potential-distance relation 
in II glow discharge 
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The f»use of the considerable distortion of the field near the 
cathode ^ is to be found in the formation of "space cAorge”. The 
passage of current occurs principaUy by transport of ions to the 
cathode and electrons to the anode. In passing through the same 
potential difference Jp both the (univalent) positive ions and the 
electrons obtain a kinetic energy given by 

^ . ... 

Po-^V’ = -^- ( 16 ) 

Since the electrons are of a smaller mass than the positive ions by 
a factor of ISSS^f (A = atomic or molecular weight of the positive 
ions) they attain a velocity 1^1888 A times greater than that of 
the positive ions. Furthermore, the mean free path of the electrons 
is much larger than that of the ions, owing to their smaller size, 
and this again leads to an increase in speed because they can pass 
through a larger potential difference before they lose energy 
at the next collision. Simple kinetic theory shows that the veloci¬ 
ties of the electrons and positive ions are in the ratio 

~-102)/I. (17) 

®+ 

This large difference between the speeds of the positive ions and 
electrons gives rise to the space charge, and the potential distri¬ 
bution relation of Fig. 77, in the following way. Neglecting the 
primary electrons emitted from the cathode, then in the middle 
section of the discharge tube ' the number of electrons and posi¬ 
tive ions must be the same because in each ionisation process 
both a po.sitive and a negative ion is produced. This region is 
therefore free from space charge. Let the number of part.ieles/cc. 
again be N. Then, in the middle of the discharge tube, 

N+ = JV_. (18) 

The current density is thus given by 


^ The fidd atrenjtth is given from (I, 70) by the tangents to the curve of Fig. 77, 
i.e, it is given by —df/Sx. 


' That is the region in which the fall in potential is Imear with distance. In this 
dv d*yf 

region ^ is oonitant, i.e. ^ = 0. According to equation (1,2D) this means tiiat 

the space chaige density g vanishes and lienee that the number of positive and 
negative ions is the same. This region is called the ^'positive column”. 
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* = <++*- = . »+ + e^- . »_ . (19) 

From equatioDwS (17 -19) it follows that 

^ = ^ = 102.)Ci. (20) 

Accoiding to (20), therefore, in a space cliarge free region of the 
discharge the electrons earry at least 100 times as much current 
as the positive ions. 

In the neighbourhood of the cathode, the current will be 
effectively earned only by the positive ions, and near the anode 
only by electrons, again neglecting the primary electrons from the 
cathode. Now at the cathode must equal t_ at the anode, 
and therefore, 

._ foN- Q. 

-= 1, or , 

■»+ «o^+ 9 + ®- 

if the space charge density is termed q . It follows from (21), there¬ 
fore, that at the cathode there is a large positive space charge 
whilst at the anode there is a small negative space charge, the 
ratio of being at least 1021/^ : 1, as follows from (20)^. 

A clmrucU'iistic nf glow disoliaigc is the phenomena which arise by excitation 
of tlie atoms and inDlceiiles and winch are ftnhematically represented in Fig. 77. 
The interior nf the tube consists of a series of luminous layers and of dark spaces 
and these are most clearly distinguishable In the case of the pure rare gases. 

(a) The Aston dark space lies just at the cathode and is generally very thin so ttiat 
it is often nut observed. It occurs because the primary electroiiH produced from the 
cathode have as yet insufTieient kinetic energy to bring about excitation of the gas. 

(b) In the cathode gUm region the primary electrons excite tlie gas by collision so 
that it becomes luminous, the spectral lines successively appearing in the order 
of increasing excitation energies from the negative boundary of the cathode glow 
towards the anode. 

(c) In tile Crookts dark space the primary electrons already have such a high speed 
on account of tlie rapid acccicratinn which takes place in the latliodc fall, that 
the probability of excitation begins to decrease again *. Hence the intensity of 

^ It follows from the Poisson's equation (1,2D) that at very positive values of q 
the potential curve must be strongly concave downwards. If g be small and nega¬ 
tive, the curve is slightly oonr»ve, upwards. 

* The intensity of a spectral line as a ftinction of the energy of the incident electron 
(Excitation ftinction) passes through a maximum and then at higher electronic 
velocities decreases again. 
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the light is less uid the space appears relatively darker than other regions, 

(d) This cathode boundary 0 / the negqtivc glow has a fairly sharp boundary on the 
cathodic side, while its brightness falls off gradually on the anodic side. In this 
region the primary elections are in the presence of not only neutral particles, but 
also a considerable number of ions and electrons (the ^^pkuma") K The field of 
the latter causes considerable retardation of the electrons, so that their velocity 
again approaches that of the optimum of the “gas excitation function’'. The spectral 
lines now appear in decreasing order of their excitation energy, 

(e) On arrival inside tlie Faraday dark space, the electrons luive largely lost their 
kinetic energy and are no longer able to excHe the gas molecules. 

(f) Tlie ptMitive column is usually by for the brightest and largest section of tlie whole 
discharge tube. This is the region of the small potential gradient where, the current 
is carried almost entirely by electrons. The cnliiiiin may appear uniform and with¬ 
out a specific structure, or strictly in the loriri of laminae divided by altematc 
dark spaces. In monatomic gases, the differences in energy across the dork simce 
between two striations is equal to the lowest excitation energy of tiie gas, from wliich 
fact it is dear that tlie electrons at times lose their energy by carrying out excitation 
ill one layer and start again from zero energy in the next, lii molecular gases the 
relations are considerably more oomplicated because of the energy transfer to tlie 
rotational and vibrational degrees of freedom of the molecules, us is dear from 
tile fact that for molecular gases the uccuireiice of striaLioiis depends upon gas 
pressure and current strength. 

(g) In the anode fall the electrons again reach sufficiently high velocity to he able 
to cause ionisation sliortly before reaching that electrode; this gives rise to the 
anode ghw. 


(iii) The Arc 

If the current density in the glow discharge exceeds a certain 
value the cathode fall becomes greater and increases with current 
density {'‘tmotnaiow glow discharge”). With further increase of 
current density the cathode fall passes through a maximum and 
then very rapidly decreases to about Vio of its former value while 
the current density increases very slowly. This form of discharge, 
characterised by small cathode falls and large current densities at 
the cathode, is termed the arc. It is produced by the fact that, 
owing to the high c.d., the cathode becomes so hot that it factions 
as a “hot cathode” and is thus effectively a very intense source of 
electrons. Here also, as in glow discharges, the cathode plays the 
main role in the discharge. The dependence of the arc on the high 

* The plasma is the general name given to the mixture of neutral particles, ions 
and dectrons in the discharge. 
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temperature of the cathode can be deduced from the fact that it only 
operates between an electrol3rtic solution and a carbon electrode 
when the solution is the anode. Measurements of cathode tempera¬ 
tures show that the discharge current is approximately equal to 
the thermionic emission current, as calculated from Richardson’s 
equation (12), thus confirming the thermionic theory of the arc. 
The lowering of the cathode faU compared with that of glow dis¬ 
charge depends on the fact that the electrons sent out from the 
hot cathode neutralise the positive space charge in its neighbour¬ 
hood; this can also be brought about artificially in a glow dis¬ 
charge by using an independently heated cathode. 

The thermionic theory of the arc is only valid when the cathode 
consists of non-volatile substances, c.g, carbon or tungsten, and 
is quite inapplicable for other more volatile, e.g. liquid metal, 
cathodes. The l)e.st example of the latter type is the arc in a 
mercury vapour lamp, where a small luminous spot can be seen 
to be moving erratically over the mercury surface. The cathodic 
cun’cnt density is high, owing to the small area of the hot 
spot and probably amounts to several thousand amps per sq.cm. 
The temperature of the spot can be calculated from the rate of 
ex aponition of the mercury and is only about 300 “C. This shows 
at once that the mechanism of the arc in raerciiiy cannot depend 
on thermionic emission of electrons. To explain the high current 
densities, it is assumed that at a small distance from the liquid 
cathode there is a layer of vapour at a very high temperature, 
i.c. about 4,000°; and in this region, considerable thermal ionisation 
would be expected to occur [see equation (10)]. The current 
between the cathode and the above mentioned layer is regarded 
as carried exclusively by positive ions, there being then no need 
for electron emission from the cathode, in spite of the high current 
density. The energy gained by the positive inns on their passage 
tlu-ough the cathode fall is partly transferred to the gas and thus 
serves to compensate for heat losses in the vapour layer. 

According to equations (10) and (11), both electron emission 
at a hot cathode and thermal ionisation of a gas increase ex¬ 
ponentially with temperature, so that a con.siderablc increase of 
the number of ions and electrons with temperature must occur. 
Their mobilities also increase in the same sense so that the resist- 
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ance of the arc decreases rapidly with increasing temperature and 
hence with increasing current strength. The ratio, Eji, the resist¬ 
ance, (see p, 9), is hence not constant either in a glow discharge 
or in the arc; the potential difference drops with increasing current 
so that Ohm’s law is disobeyed. This type of the potential-current 
relation is said to have a "falling eharacteriHic". The relation 
between E and t can be represented by the equation 

E = a-\-bli, (22) 

from which it can be seen that if the distance between the 
electrodes is fixed, there is a hyperbolic fall of potential differ¬ 
ence with increasing i (see Fig. 78). 

It foIlowR from the above that a conductor with falling characteriatics should 
never be connected to a conatant source of potential unless it is in series with 
ui ohmic remstanoc, becaiue a slight increase in current causes the arc resistance 
to decrease whereupon the cuirent would 
increase indefinitely and tlie system bum 
itself out. Inclusion of an ohmic resistance 
causes the total resistance of the system 
to increase again with increasing current 
after passing through a minimum, as can 
be seen from Fig. 7B. As the strength of 
the current increases tlie potential differ- 
ciiiic across the ohmic resistanix', increases 
and therefore tliat across the uic drops 
so that the applied potential difference 
must lie increased to maintain current in 
the arc, Le. at a given applied potential 
difference, the current through the arc 
faHs back to the equilibrium value. Con¬ 
versely, if the current in the arc falls, then tlie potential difference applied to 
the arc increases owing to the increased resistance of tlie arc, so that the original 
current in it is restored. In tlie absence of tlie resistance, the arc would simply 
go out in this latter cose. 

It has already been seen (see p. 225) that hi ionic conduction the conductain» 
increases with increasing temperature so that as the applied potential is increased, 
the Tcsistancre must fall, i.e,, the current-voltage relation exhibits a falling charac¬ 
teristic. A practical example of on ionic conductor possessing these clioracteristics 
is glass. If a ijotcntiul of a few hundred volts is applied to a section of glass and 
the latter is warmed to red heat with a Bitnsicn burner, a current begins to flow 
which increases without any additional warming until the glass has melted, 
because the current flowing wtieii tlie bunsen is removed causes ftirther heating, 



Fig. 78. Current-voltage curve for tlie 
luminous arc (falling characteristic) 
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and hcnoe leduotion in radotanoe, wbeieupon tlie cmrent rtrength thiough tho 
g in— is Increaied and n on. On this account, the "Nbbnbt filament’' * must always 
be used with an external resistance in series. 

In gases at relatively high (e.g. atmospheric) pressure no self- 
sustaining glow discharge would be expected (/ = 1). At suf¬ 
ficiently high cathode temperatures, an arc discharge may how¬ 
ever occur. To strike an arc in such a case the electrodes have 
therefore to be brought momentarily together; as they are re¬ 
moved from contact the resistance between them becomes very 
large so that the cathode heats up enough to commence therm¬ 
ionic emission. At very high applied potential differences a self- 
sustaining discharge can commence between cold electrodes, this 
being again caused by collisional ionisation in the neighbour¬ 
hood of the electrodes, where stray electrons cause an avalanche 
effect to take place (see p. 486). With increasing applied potential, 
therefore, a thin layer of light is observed at the electrodes; this 
occurs particularly in a markedly inhomogeneous field and may 
spread to the space around the electrodes (“Corona”, “Brush” 
and “point discharge”). Since collisional ionisation increases with 
increasing voltage, a sufficient increase of potential may lead to 
a complete breakdown of the gap between the electrodes. This 
is called a spark discharge. The condition tor discharge across 
the gap to occur is given by equation (15), i.e. discharge commences 
when every electron formed at the cathode brings about a suf¬ 
ficient number of ionisations on its way to the anode so that at 
least one new clertron is set free at the cathode by means of 
positive ion bombardment. If a condenser of high capacity is 
introduced into the circuit, the current strength of the resultant 
discharge may become very large (“condensed discharge”). This 
is often made use of to increase chemical decompositions in dis¬ 
charges (see Section 4). 

In aUematmg current arcs the processes are more complicated 
because the arc is momentarily extinguished every time the 
current changes direction. At the commencement of each half 

^ Tlic Neunst filament consistR of a niixtnre of ZrOg with rurc earths (Y,Og and 
Er,Oj). It IB initially heated to about TOO” by an auxiliary wire heater, after which 
n cut out stops current flow throufrli the wire heater and imsses it throuf;h tlie 
now hi^rlily conducting Neunst filament. 
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cycle the applied potential begins to rise, but no arc can be 
immediately formed because the gas and electrodes have cooled 
considerably whilst the current was low. At first there is a glow 
discharge with rising characteristic in which the conductance of 
the gas and the temperatures of the electrodes increase by col- 

lisional ionisation. For the arc 
discharge to commence, the 
applied potential must reach 
the striking voltage A (see 
Fig. 79). When this is reached 
the nature of the discharge is 
changed and a falling charac¬ 
teristic AB is observed until 
the current reaches its maxi¬ 
mum value after which the cur¬ 
rent .starts to decrease, because 
of the decreasing potential of 
the A.C. source. The cooling 
produced during this time leads 
to an increase of potential 
between the electrodes but this 
does not reach the previous 
magnitude, i.e. the .striking 
voltage. At the voltage C the 
the extinction voltage), glow 
discharge begins again, the potential (following the phase of 
the A.C.) passes through 0 and the scries of changes recom¬ 
mences in the second luilf cycle. 

The current-voltage characteristics in the A.C. arc discharge 
exhibit hy.steresis. Only the section AB, BC and the corresponding 
parts for the other half cycle, actually belong to the arc process. 
With increasing frequency the cooling during the period of inter¬ 
ruption of the arc becomes less and less so that the striking 
voltage is reached earlier and points A and C move clo.ser together. 
If the frequency is finally so high that temperatm’c and con¬ 
ductance during a half cycle hardly change, the current and po¬ 
tential become almost proportional to one another, and the 
characteristic becomes a straight line passing through the origin. 
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For chemical icactions taking place in a discharge, the fre¬ 
quency of the A.C. used is often very important (see p. 508). High 
frequency discharges often increase the yield in chemical reactions 
very considerably. It is simple to produce high frequency oscil¬ 
lations by excitation with a spark (see Fig. 80). The spark gap 
F is connected to the secondary coil of a transformer T functioning 
from an ordinarj' 50 cycle source and .serves to comicct it with an 
oscillatory circuit consisting of a capacity C and self inductance/^. 
Ifthe voltage in the spark gap reaches the striking value the .spark 
thus produced closes the oscillatory 
circuit, which, upon receipt of the 
pulse thus imparted to it, com¬ 
mences to oscillate with its charac- 
l eristic fri^qucncy. The energy of 
the oscillations is transferred by 
iiiducti\'e coupling to a secondary 
circuit in which the di.schargc tube 
is connected, ily use of an auxiliary 
circuit, it can be arranged that 
the primary circuit P becomes 
interrupted after delivery of energy 
to the secondary circuit S. * In this 
case, the excitation in the secondary 
circuit is of an impulsive type. 

High frequency discharges can also be produced in a gas con¬ 
tained in a glass tube usitjg external electrodes, c.g, a coil 
connected to the secondary circuit may simply be wound 
round the discharge tube; tills method eliminates effects of 
the metal electrodes on the products of the reaction (c.g., 
atomic recombination reactions, wliich are .strongly catalysed 
by metals). 


* For thi! intemiption of the primary current a very short spark gap is used between 
metal plates of a material of high thermal conductance. In cnnacqueiice of the 
lieats between the e.ni.f.’s in tlic two circuits, tlie spark goes out when the mini- 
niuin beat intensity is reached. On account of tlic rapid cooling of tlit eleotrodes 
and the gas between them the spark gap does not suffer a renewed breakdown by 
indiu.’tion from tin: sceoiidary, so that the cnci)^ is aliiioat completely tranaferrtfd 
to the sceondar}' circuit. 



big. NO. linJiiction of giw reactions 
by means of high rieijueiicy dis- 
cliarges (scheinatic) 
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(iv) The Heavy Current Carbon Arc 

One of the reasons why electric discharges are of particular 
significance to chemistry is that they provide the most effective 
method for the produdion of very high temperaiures. In chemical 
reactions, temperatures higher than 2000 - 8000° are seldom ob¬ 
tained because of the dissociation of the products of combustion 
(the temperature of the hydrogen-oxygen flame is about 2000°; 
and the thermite reaction between A1 and metal oxides of the 
order of 8000 °C.), In very rapid reactions (explosions) it is possible 
to reach much higher temperatures but these can only be main¬ 
tained for a fraction of a second. Neither mechanical {e.g., adia¬ 
batic compression), nor concentrated irradiation methods give 
rise to very high temperatures. One method of obtaining very 
high temperatures involves the spark discharge in which process 
large amounts of energy are liberated in a short time; but the 
duration of the phenomenon is very short (10-10~^ sec., accor¬ 
ding to the conditions for discharge). In practice, the most im¬ 
portant method for the attainment and maintenance of high 
temperatures is the electric arc. The temperature of the core of 
the usual carbon arc in air at atmospheric pressures has been 
estimated by various methods * {e.g., by the intensity distribution 
of the rotational lines of the CN bands) to be about 7000 - 8000 °C., 
and varies somewhat according to the loading on the arc. The 
arc therefore plays an important role in technical electrochemistry 
for carrying out reactions at high temperatures (e.g. production 
of calcium carbide, calcium cyanamidc, silicon carbide, ferrous 
alloys, artifical graphite, steel, acetylene, and so on). 

In recent years it has been possible to obtain higher tempera¬ 
tures than those mentioned above by very heavy loading of the 
usual carbon arc. It has been shown * that in these high current 
arcs a new type of discharge occurs which is essentially different 
from that of the usual arc. It commences at currents greater than 
40 amps and particularly when anodic current densities up to 
800 amps/cm.‘ (obtained by using correspondingly thinner poles) 
are used. This type of discharge possesses nuirkedly different 

* See H. Hamnkofp, Z. Phygik, 1984, 188 , 22B. 

* See W. FumsLNBUiia, Z. Phytik, 1942, 119 , 206; CAem. P^brik, 1918, 18 , 141. 
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chaTBCteristics from those of the ordinary arc. They are illustrated 
in Fig. B1 for various forms of high current arc, possessing anodes 
of ordinary carbon, or of carbon provided vdth a potassium silicate 
or cerium fluoride core. It can be seen from the figure that there 
is an initial fall of 
potential'with inercas- 
ing current as in the 
usual carbon arc, but 
that at higher current 
strengths the poten- 
tial passes through a 
minimum and then 
a rising characteri.stic 
again appears. The 
slope of this, as 'well 
as the position of the 
minimum, depend on 
the material of the 
anode but are entirely 
independent of the 
cathode material. 

The heavy loading 
of the anode cau.ses considerable evaporation ofthe anode material 
and this lead.s to the cmi.s.sion of an intense beam of vapour in 
a direction perpendicular to the top face of the anode. This is 
the origin of the "anode flame”. The evaporation of the anode 
necessitates an increased energy supply which is derived from 
the anode fall, which grows with increa.sing current strength. 
Due to these competing proces.scs a minimum appears on the 
current-voltage diagrams. It has been .shown by means of probe 
measurements that the rising characteristic on this diagram is 
due to a cathode fall and independent of the current strength 
and also in the positive column an anomalous anode fall which 
increases with current strength. 

The vapour of the anode flame is heated in the anode fall to 
more than 8000° and consists of a strongly iuni.sed plasma (see 
p. 496) which generally cools (mainly by radiation) as it leaves 
the anode. Probe measurements show that inside the anode flame 
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there is no potential difference, so that this flame itself does not 
take part in the conduction process and is therefore particularly 
suitable for a study of the state of a plasma produced thermally. 
Since the anode carbon can be cored with any solid substance 
and since this vapourises simultaneously with the carbon, reactions 
at very high temperatures can be studied, usually by spectroscopic 
methods. The high temperature of the anode vapour makes the 
heavy current carbon arc the most intense source of light known 
(intensity of illumination more than 10^ lumen). 

At high current densities (100 - 160 amps) a new pheno¬ 
menon known a.s the “negative pilot flame” appears which is 
independent of the material in the carbon and the processes at 
the anode. The whole length of the arc from the hot spot on the 
cathode becomes markedly constricted anil the current densities 
rise up to about 8000 amp/cni.^. This contraction of the are can 
be attributed to the effect of the magnetic field due to the dis¬ 
charge itself. Spectroscopic examination of the radiation emitted 
from the constricted arc shows that in the interior of the columns 
there are atomic lines superimposed on a continuum, but molecular 
bands arc absent, thus indicating that very high ti‘mperatures 
exist inside the constricted part of the discharge. In the interior 
of the column these are estimated at 15,000 ”0. 

Bibliography: J. J. and G. P. Tuompson, Conduction of Ekctridly through 
Guta, I and II, CambiidgR, 102H; I.. B. I.okb, Fundamental Procmain Sleetrieal 
Diteharge in Gaia, New York, 1BB8; F. A. Manpiklo and II. R. Bemuiict, Thatry 
vf Gaitaui Condueiioa and Eketronia, New York 1B41; W. Finkelnbuiw, Tht 
Higfi Current Carbon Are, Berlin, IMS. 


4. Giemieal Reactions taking place under the Influence 
of the Electric Discluirge 

(i) Introduction 

Although the observations of Cavendish and Friestuey on 
the combination of nitrogen and oxygen to nitric oxide in an electric 
discharge in air belong to one of the first discoveries of electro¬ 
chemistry (see p. 1), the study of the electrochemistry of gases 
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is still in its early stages. Most electrochemical gas reactions 
of commercial importance are more accurately termed dectro- 
thermal, i.e. the arc is used simply to attain a satisfactory position 
of equilibrium, as in the production of endothermic substances 
such as calcium cyanamide, calcium carbide, and nitrous oxide 
(Birkei^nd and Eyde process, now obsolescent). 

Special chemical processes have been observed in reactions 
occurring in discharge tubes which depend upon specific effects 
caused by the arc itself and can be regarded as true electrochemical 
gas reacHans. The field of these reactions is as yet insufficiently 
developed to make a comprehensive theoretical treatment possible, 
as is clear from the fact that no satisfactory account of the plas¬ 
matic state of a gas can as yet be given. The subject must there¬ 
fore be discussed with reference to a few special cases about 
which some approximate qualitative theories arc already available. 

(ii) The Dissociaiim of Diatomic Molecules 

In the glovr discharge in hydrogen at low pressure (O’l to 1 mm.) 
the l)and spectrum of hydrogen can be observed in the neighbour¬ 
hood of the electrodes. At some di.stance Irom the electrodes, the 
Balmeu spectrum of the hydrogen atom can be detected. This fact 
alone docs not necessarily prove that free hydrogen atoms arc present 
in notable concentrations in the discharge tube, because emission 
of the Balher lines could be caused by the momentary formation 
of normal and activated hydrogen atoms by collision between 
activated molecules. The presence of appreciable quantities of 
atomic hydrogen in the tube can, however, be directly proved by 
removing some of the streaming gas from the middle of the tube, 
and causing it to react with various .substances outside the dis¬ 
charge tube. It is found that this gas causes reduction of numerous 
metallic oxides, sulphides, htilidcs, etc., to the metal and that 
metalloids such as sulphur, arsenic and phosphorus are reduced 
tothc corresponding hydrides. The concentration of atomic hydro¬ 
gen can be e.stimated approximately from a quantitative exami¬ 
nation of the chemical reactions which it causes. It is found to 
depend upon the current strength as well as upon the other 
factors influencing the discharge (e.g. pressure, frequency, etc.) 
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and may correspond to almost the complete decomposition into 
atoms of the hydrogen molecules present. 

If metal vires are introduced into the path of the discharge, 
strong thermal effects are observed (e.g., the wires begin to glow) 
and in their neighbourhood the intensity of the atomic spectrum 
becomes much less than that of the band spectrum. It can be 
shown from conductance measurements that these thermal 
effects are not due to ionic recombination processes so that they 
must be ascribed to the recombination of hydrogen atoms to 
molecules under the catalytic influence of the metal. This is the 
reason for the absence of the atomic .spectra in the neighbourhood 
of the electrodes. ^ The relative effectiveness of the metal wires 
as catalysts runs parallel to their hydrogen overpotential (see 
p. 431). These experiments carried out at a given current density 
on various electrode materials prove conclusively that the “active 
hydrogen” of the discharge tube is in fact atomic hydrogen, pro¬ 
bably formed largely by the collision of electrons with the hydrogen 
molecules. 

Information concerning the mechanism of the collision process 
can be obtained from the dependence of the intensity of the 
Balmeb spectra on the current. Two passible mechanisms must 
be considered: firstly, the formation of hydrogen atoms and their 
excitation to emission may take place by means of two different 
electron impacts. In this case, the intensity of the emis.sion would 
be expected to depend on the square of the current, becau.se the 
two processes take place independently of one another and each 
should be roughly proportional to the current. Secondly, the 
primary process may consist of an initial decomposition of the 
molecule into an excited and unexcited atom, so that the emission 
of light occurs on the first electron impact and therefore the 
intensity of the emission should be roughly proportional to the 
current. Experiment shows that the emission intensity depends 

^ The atoms can only combine at solid surfaces or in three body collisions because 
otherwise the dissociation eneriry liberated (about 100 kilocals) causes the molecules 
to dissociate again. Apart ftum metals, various other substances such as the glass 
walls of the discharge tube catalyHe the atomic combination. Small traces of oxygen 
"‘poison” the catalysis on the walls of the tube (presumably by absorption of water) 
and thus increase the yield of active hydrogen. 
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upon the square of the current, so that the first mechanism is the 
correct one. 

As the above mentioned reducing action of atomic hydro^n 
shows, this substance is highly reactive, even at room tempera¬ 
tures, Thus, for example, various hydrides which cannot be formed 
with ordinary hydrogen such as those of silver, lead, beryllium, 
gallium, indium and mercury, can be produced^ with atomic 
hydrogen. Reactions with hydrocarbons, involving emission of 
Cj~ and CH~ bands, give rise simultaneously to hydrogenation, 
dehydrogenation and chain splitting *. 

A disadvantage of the glow discharge tube method of producing 
atomic hydrogen is that only small pressures can be used, because 
at pressures greater than a few mm. of mercury, the glow discharge 
ceases. The atomic hydrogen cannot therefore be led directly to 
solutions or liquids because at ordinary temperatures the liquids 
would possess vapour pres.sures {e.g. water at 0 "C., 4'58 mm.) such 
that the vapour would transfer itself to the discharge tube. If, 
however, helium or neon at about 20 mm. pressure is added to 
hydrogen at a pressure of a few tejiths of a mm., the glow dis¬ 
charge is practically unaffected and the gas leaving the dis¬ 
charge tube passes through liquids in which its reactions can be 
studied *. 

Atomic hydrogen is also formed in high concentration in the 
luminous arc. The latter can only be maintained in hydrogen at 
atmospheric prcssui'es by the use of high applied potentials (several 
hundred volts) because the long half life period of atomic hydrogen 
does not allow the continuous energy loss necessary for a stationary 
state to occur by radiation or conduction but only by diffusion 
processes. The large heat of dissociation which is liberated during 
the recombination of the atoms can also be used for the production of 
high temperatures in a hydrogen stream which is blown between the 
two tungsten electrodes of an arc thus enabling difficultly weldable 
special steels to be joined in the complete absence of oxygen. 

^ See £. PiETBcn, Z. Ekkirodian., 1BS8, 31, 677. 

' In the production of noetylenc thim BBtunted hydrocurbona {e.g. mctliBiie) in 
the direct current uc (a prooeBB which has recently gained teclinical importance) 
Balhbb lines as well as C|~ bands are observed. 

' See P. Habteck, Z. EUktroehem., IDSO, 48, 386. 
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Atomic oxygen is also produced in the glow discharge tube in 
an analogous way. The atomic concentration can be estimated 
by measurements on the heat of dissoeiation which show that 
it may be as high as 20%. The intensity of the spectral lines of 
atomic oxygen is proportional to the square of the current so 
that dissociation and excitation are separate processes. The atoms 
have a comparatively long life and reactions with atomic oxygen 
can hence be examined outside the discharge zone. It is found to 
react with must organic substances at room temperature, OH, 
CH and CC band spectra as known from the corresponding ordi¬ 
nary combustion process being observed. Reactions witli molecular 
hydrogen and carbon dioxide are remarkably slow. Various addi¬ 
tion reactions are observed at low temperatures. Fur the exami¬ 
nation of reactions with liquids, rare gases arc added to the atomic 
oxygen as in the technique described above for atomic hydrogen. 

Atomic oxygen is also regarded as an intermediate in the pro¬ 
duction of ozone in the "silent discharge” Ozone is a highly 
endothermal compound (heat of formation -|- 84*5 kilocals) and 
it cannot be sati.<ifactorily prepared by a tliermal reaction even 
at the high temperature of the arc. It is found, however, that a 
considerable yield of ozone is obtained when air or oxygen at 
atmospheric pres.sure are subjected to the silent discharge, a 
dielectric (glass) acting as the adjustable resistance in the dis¬ 
charge tube circuit. A stationary state is set up, some part of the 
ozone decompusiug again at higher concentrations. V^arioiis ex¬ 
periments on the mechanism of ozone formation have shown that 
it involves oxygen atoms. The reaction O-j-O^ -^Os has only a 
small activation energy, about 4 kilocals., and occurs by means 
of three body collisions or on soUd surfaces, ns in the recombina¬ 
tion of oxygen atoms to molecules. The effectiveness of different 
third bodies varies considerably according to the atoms involved; 
thus for oxygen it is four times greater than for nitrogen and 
eight times ns great as that for argon. The yield of ozone nan be 
largely increased by means of high frequency alternating current 
and under good conditions yields of 250 g. ozone per kilowatt 


^ Tliis is the discharge of a high voltage through a glass wall (Siemens Ozonizor) in 
which no visible radiatioii occurs (also called “dork discharge'’). 
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hour are obtained, corresponding to an efficiency of 20% of the 
electrical energy input. 

Nitrogm is activated on electric discharge. This is manifested 
by the appearance of a yellow glow which is dependant upon the 
intensity of the condition of the discharge. This glow may persist 
for several hours. 

The band spectra of nitrogen in the discharge con.sist of several 
“positive and negative groups”, depending upon whether these are 
observed in the positive column or the cathode fall of the dis¬ 
charge. Tile positive bands correspond to conditions of a smaller 
excitation energy and are caused by emission from neutral excited 
molecules, whereas the negative bands of higher energy arc emitted 
from Ng'*' ions. In the negative glow there are also lines due to 
nitrogen atoms and N'*' ions, these entities being essential pre¬ 
requisites for the existence of the “active" nitrogen which is 
responsible for the glow. 

Electron bombardment experiments on nitrogen. have shown 
tliat direct dissociation of the molecules into atoms (dissociation 
energy, 7-34 e.volts) does not occur, as it does with hydrogen 
and oTEygen, but that the decomposition takes place by way 
of higher energy levels in the molecule, and particularly 
through the first excitation level of the Ng'*' ions. This ex¬ 
plains why the atomic spectrum is only seen in the negative 
glow where at the given value of the mean free path the 
electrons gain a much higher energy due to the eatliode fall. 
If it is desired to produce very highly active nitrogen, a “con¬ 
densed” discharge is used, a large eapacity being included in the 
discharge circuit. It is found that the higher the ctipaeity and 
hence the greater the current upon discharge, the more the 
spectrum is shifted towards the Ng'*' bands and the nitrogen lines 
and the greater is the concentration of nilrogcii atoms and the 
strength of the afterglow. Nitrogen atoms are hence responsible 
/or the activity and afterglm of nitrogen. 

Various spectroscopic examinations indicate that the mechanism 
of lAe afterglow in nitrogen is as follows. The chemiluminescence 
of active nitrogen takes its energy from the recombination energy 
of atomic nitrogen, the excitation, however, not occurring directly 
but via a scries of intermediate products. In the combination of 
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two unexcited nitrogen atoms, which is only possible at solid surfaces 
or in three body collisions, metastable molecules are formed with 
an energy of 6-14 e.volts, thus, 

N + N + N,-».N,+ N5'. (28) 

These metastable molecules have a long life period of about 10~’ sec. 
On collision between them mctastable atoms are formed, e.g., 

2N?-^N,+ 2N*. (24) 

The energy of these raetastablc atoms is found to be 2-87 and 8-56 
e.volts respectively, according to conditions in the discharge 
tube. They can then surrender their energy in a further collision 
with mestatable molecules and raise the energy of the latter to 
a higher energy state, i.e., 

N*+Nr->-Nj+N. (25) 

The production of metastable molecules and atoms hence always 

occurs at the cost of the recombination energy of the N atoms, 
thus confirming that active nitrogen is essentially atomic. This 
is also in accord with the fact that active nitrogen from which 
atomic nitrogen is removed ceases to cause an afterglow, although 
owing to the pre.sence of the remaining mctastable molecules, it 
retains its power of exciting other atoms or molecules and bringing 
about chemical reactions (“non-luminous” active nitrogen). For 
example, if hydrogen is present during the discharge, atomic 
nitrogen is completely removed because the atomic hydrogen 
formed reacts with it to form ammonia (see p. 514). Hence, addition 
of hydrogen extinguishes the afterglow of active nitrogen almost 
completely yet the mctastable molecules present can still for 
example excite mercury atoms to chcmilumine.scence. Tlie fact that 
in the case of nitrogen the activity cannot be ascribed to the 
presence of ions can be demonstrated in that removal of the 
ions by means of a weak electric field, causes neither the 
afterglow nor the high reactivity to be lost. 

Reactions involving atomic nitrogen are numerous and have not 
as yet been systematically examined. Qualitatively, it has been 
found that various previously undiscovered metal nitrides can 
be formed with atomic nitrogen. A quantitative determination 
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of the concentration of the latter can be carried out ^th an 
excess of nitric oxide, which reacts with atomic nitrogen in 
two stages to form nitrogen trioxide as follows: 

N + 2NO->NO, + N,, 

NO,+NO-)«NjO^. (26) 

The nitrogen trioxide can be condensed and weighed. 

Atomic chlorine and bromine have also been produced ^ in 
an electric discharge at pressures of less than 1 mm., when the 
line spectrum of the atoms is observed. Earlier attempts at this 
preparation failed because the pressures used were too high, thus 
bringing about rapid recombination of the atoms by three 
body collisions. In order to eliminate the catalytic influence of 
the electrodes, the gas is taken off at large distances from the 
electrodes, or an electrodeless ring discliarge is used (sec p. 502). 
The concentration of the atoms present in the gas can be measured 
by means of the heat of recombination, the heat of dissociation 
of the molecules being known from spectroscopic data. In chlorine, 
a concentration of up to 40% of chlorine atoms can be obtained in 
the above way. The reactivity of atomic chlorine is exemplified in 
reaction with certain other gases the photochemical chlorination 
of which is known to be a chain reaction. Thus, for example, a 
mixture of molecular hydrogen and atomic chlorine reacts rapidly 
in the dark to form hydrogen chloride. This fact also provides direct 
confirmation of the mcchaiusm proposed by Nernst for the 
photochemical reaction of molecular hydrogen and chlorine. 

(iii) The Formation of Free Radicals 

If polyatomic molecules are exposed to the electric discliarge, 
the primary dissociation process would be expected to lead to 
the formation of radicals and the existence of these has been 
established in some cases. Thus, in discharges in water vapour 
at low pressures a series of bands can be observed which can be 
attributed to the OH radical and which are emitted at a high 
intensity. The most characteristic of these bands lies at 3064 A. 

' See G. M. Scbwab andH. Fmess, Z. Elektroehem., 1038, 8t, 580; G. M. Schwab, 
Z. Phynk. Chem., 1084, STB, 452. 
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The same spectrum is observed tn (Asorp^on on the thermal 
dissociation of water vapour above 1000 "C. Beside this charac¬ 
teristic band at 8064 A, the Balmeb spectrum of the hydrogen 
atoms, the band spectrum of the hydrogen molecule and, in 
lesser intensity, the line spectrum of the oxygen atom are also 
observable. The intense emission of the OH spectrum led initially 
to the concept that OH radicals might be present in large con¬ 
centrations and that they possessed a long half life period similar 
to that of the hydrogen atoms. Actually, however, the OH 
radicals cannot be detected by means of absorption measure¬ 
ments ^ either directly after the onset of the discharge or during 
the discharge, from which it must be concluded that their concen¬ 
tration in the stationary state must be very small in spite of the 
intensive emission spectrum. 

This apparent contradiction was explained liy the examination 
of the dependence of the intensity of the OH bands on the current 
density during the discharge. Here the second of the mechanisms 
of activation discussed above (see p. 506) conics into play, 
namely that the intensity of the emission spectrum incrca.ses 
proportionally to the current .strength, which can only be explained 
if the OH spectrum is emitted at the same time as the radicals 
are created by electron bombardment. This means that the water 
molecule decomposes into a normal hydrogen atom and an excited 
OH radical. In support of this is the fact that the intensity of the 
bands is independent of the material of the vessel walls; thus, if 
the walls contain surface impurities such as platinum, the Balmeb 
spectrum disappears but the OH spectrum remains unaffected. 

The fact that OH radicals arc formed in large numbers but are 
hardly detectable in the stationary state {i.e. have no absorption 
spectrum) leads to the view that they are u.sed up very quickly 
by some reaction. Consideration of thermal data concerning the 
various possible reaction mechanisms leads to the conclu.sion that 
the reaction 

20H^H,0-l-0 (27) 

occurs quickly and is therefore probably it^sponsihle fur the dis¬ 
appearance of OH radicals immediately after their formation. 

*) K. F. BoNnOEmiR mid T. G. Pearson, Z. Phytik. Chan ., 1981,14B, 1. 
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It also explains the formation of the lines due to oxygen atoms which 
are observed in the emission spectrum and the fact that at higher 
current densities the dissociation of water vapour becomes more 
and more independent of the current strength, because the dis¬ 
sociation products of the discharge unite recombining to form 
water vrith increasing speed. The scheme of reactions for the 
decomposition of water vapour is thus thought to be as follows: 

OH*-^OH-l-hv, 

H-HH-j-H,, (28) 

OH -I- OH-► 11,0-1-0. 

0 0 —^ 0 ,, 

the atomic combinations again taking place cither by means of 
three body collisions or on solid surfaces. Hydrogen peroxide is 
also formed to a small extent by the combination of OH radicals. 
As this reaction must, however, also take place in a three body 
collision, its velocity is much too small to account for the rapid 
disappearance of the OH radicals. 

The contention that in homogeneous gas reactions OH radicals 
react mainly with each other according to (27) is also supported 
by the analogy of the reaction of the OH radicals produced in 
electrolysis. These also react to form water and atomic oxygen, 
the latter combining to give molecular oxygen by a second order 
mechanism. Attempts to prepare hydrogen peroxide directly by 
the anodic deposition of hydroxyl ions have likewise failed, the 
current efficiency being very small (c/. the small velocity of forma¬ 
tion of hydrogen peroxide by means of OH combination in the 
gaseous phase). 

The jree imim radical, NH, can be detected by its chBracteri.stic 
emission spectrum in a glow discharge in ammonia at low pressures. 
Its half Ufe period is, however, again so short that it is not pos.sible 
to detect it outside the discharge tube. The spectra of hydrogen 
and nitrogen also occur in the discharge spectrum and the am¬ 
monia is found to be largely decomposed (up to 80%). The in¬ 
tensity of the NH bands decreases with increasing distance from 
the point of entry of the ammonia, while the intensities of the 
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molecular hydrogen and nitrogen bands increase so that it may be 
concluded that the primarily appearingNH isimmediately destroyed 
again either by the discliarge itself or by secondary reactions 

(iv) SytUheses and Degradations 

The high reactivity of free atoms or radicals which occur in 
the discharge tube gives rise to a number of reactions which take 
place either in the tube itself, or, subsequently with dissociation 
products of the non-transient kind. These reactions are either 
among the dissociation products themselves or between these 
and added substances. Discharge in gaseous mixtures hence always 
leads to reactions which can be of varied character accor¬ 
ding to the nature of the primary dissociation products. Know¬ 
ledge concerning the various single stages in the reactions, the 
distribution of excited and ionised decomposition products, the 
energetics of the net reaction, the activation energies of the 
various single stages, the effect of the discharge conditions, etc., 
is as yet very limited. This is partly due to the fact that the 
experimental conditions arc not easily reproducible, these causing 
considerable changes in the rate and even the direction of the 
reaction; owing to the sensitivity of the intermediate products to 
catalytically active impurities. A few of the less incompletely 
examined reactions will now be mentioned. 

The reaction between active hydrogen and active nitrogen can 
be examined outside the discharge tube because of the com¬ 
paratively longlife of hydrogen andnitrogen atoms^. The two gases 
are activated in separate discharge tubes and introduced into a 
common mixing tube. The reaction products are collected in a 
cold trap, and quantitatively analysed. In the same way it is 
possible to examine the reaction of active nitrogen with ordinary 
hydrogen, and vice versa, .simply by interrupting the diseharge 
in one tube. Such experiments show that N docs not react with 
molecular hydrogen, nor docs atomic hydrogen react with 

^ J. K. Dixon and W. Steiner, Z. phyrik. Chan., 1D82, 17B, 327, 

' W. Steiner, Z. Elefclrochon., 1030, 33, B07; J. K. Dixon and W. Steiner, 
Z. phudk, Chan., 1081, 141), 307; 1082, 17, 327; E. Tiede and V. Hev, Ba . 
Dait. than. Ga., 1088, 86, 01. 
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molecular nitrogen, as is in agreement with the thermodynamic 
data. In the reaction between active hydrogen and active nitrogen, 
the main product is ammonia and small traces of hydrazine are 
also produced, giving rise to the NH spectrum. Discharge in a 
mixture of the two gases considerably increases the yield of 
ammonia. 

These observations lead directly to the conclusion that the 
formation of ammonia depends on a primary reaction between 
H and N, three body collisions being necessary to dissipate the 
energy in the homogeneous phase reactions 

N + H->NH , 

NHa + H-vNHj,. (29) 

If metal catalysts are introduced into the discharge tube, the 
afterglow of pure active nitrogen is reduced owing to combination 
on the metal surface. The same phenomenon can be observed 
in a mixture of active nitrogen and molecular hydrogen. If atomic 
hydrogen is also present, however, the afterglow is completely 
eliminated. From these experiments it can be calculated that the 
reaction between H and N takes place on metal surfaces with 
50 times higher velocity than in the gas phase. As the afterglow 
of nitrogen is dependent upon the presence of atomic nitrogen 
(see p. 510), tliis experiment also shows that the hydrogen atoms do 
not react with metastable nitrogen molecules. The primary process 
probably occurs by initial adsorption of hydrogen atoms on the metal, 
followed by combination to H^, or with nitrogen atoms from the gas 
pliasc to NH. An atomic hydrogen combination must also take 
place apart from the NH formation as is proved by the fact that 
the yield of ammonia does not increase proportionally to the 
hydrogen atom concentration, as given by (29), but lags some¬ 
what behind this. Whether the reaction mechanism (29) is the 
sole one involved in the formation of ammonia from H and N 
under the conditions of a discharge tube is not known. Electron 
impact experiments show that positive ions such as N,*^ and 
N'*' are also important in the ammonia synthesis and the de¬ 
tailed mec hanism of this reaction needs further investigation. 

The earliest known electrochemical gas reaction, the formation 
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0 / nitric oxide by electric discharge in air, or in nitrogen-oxygen 
mixtures, is also not completely understood. It appears that only 
nitric oxide NO is formed primarily, and that NO, is then formed 
secondarily, to become oxidised to N,0, and NC^ in the presence 
of the ozone, which is produced simultaneously. The silent 
electric discharge in air produces mainly ozone (see p. 508) and 
also small amounts of nitric oxide; in the brush discharge, ozone 
and nitric oxide are both produced and react to form N,0,; in 
the arc and spark discharges, only nitric-oxide is obtained because 
0, is almost completely dissociated at these high temperatures; 
in the glow discharge the formation of nitric oxide is also the 
predominant reaction. 

It has already been mentioned that the formation of nitric oxide 
according to the equation 

NO, -I- 0, -► 2N0 48-2 kcals (80) 


is mainly a thermal reaction in the arc. As it is strongly endo¬ 
thermic, the yield of nitric oxide increases with increasing temper¬ 
ature so that at the higher temperatures reached in the arc, the 
equilibrium is displaced towards the formation of nitric oxide. 
The following equilibria have, however, also to be taken into 
account: 


N, -»-2N -I- 169 kcals 

O, -^20 -f IIT kcals 
NO—>'N 4" 0 + 121 kcals, 


(81) 

(32) 

(83) 


i.e. the increasing thermal dissociation of molecular nitrogen and 
oxygen at the temperature of the arc makes the formation of 
nitric oxide from its atoms an appreciable reaction. This is a 
strongly exothermic reaction so that the equilibrium concentration 
of nitric oxide formed from its atoms decreases as the temper¬ 
ature increases. The net result of the endothermic molecular 
reaction (80) and the strongly exothermic atomic reaction be¬ 
tween nitrogen and oxygen is that the equilibrium concentration 
of nitric oxide passes through a maximum with increasing temper¬ 
ature. In the stationary state a maximum yield of nitric oxide 
occurs and for equimolar initial concentrations of molecular 
nitrogen and oxygen this corresponds to 5-9% of NO at 3,500 "K. 
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It can be seen from these considerations that it is difficult in 
discharge tube reactions to separate purely electrical processes 
from purely thermal ones; thus the dissociation of nitrogen and 
oxygen molecules occurs by both thermal and electronic activations 
and it is thus doubtful if a thermodynamic equilibrium solely 
dependent on temperature is ever set up in the luminous arc. 
In the latter the temperature is not \rcll defined because the 
distribution of the electron velocities in the electric field is not 
in accordance with the Maxwell distribution law so that the 
concentration of an endothermic compound in the luminous arc 
may be much greater than the equilibrium value which would 
obtain if a MAXWELiian distribution of velocities existed. The 
fact that the nitric oxide synthesis in the luminous arc partly 
depends on direct electrochemical effects (electronic and ionic 
collisions, etc.) is illustrated by the fact that nitric oxide can 
be produced in the silent electronic discharge and in glow dis¬ 
charges at low temperatures. It has also been shown that the nitric 
oxide concentration attained depends on pressure and discharge 
conditions, which would not be expected for the purely thermal 
reaction (80). The highest concentrations are reached at about 
100 mm. pressure. For ordinary air ( 4 N 2 -|- lO,) and for a 
nitrogen-oxygen mixture containing 40^: iNj, the concentrations 
arc not the same ns they should be if the system were in thermal 
equilibrium, being 50% greater for the latter mixture than for 
ordinary air under the same conditions. The law of mass action 
is therefore not applicable to the formation of nitric oxide in the 
luminous are at small pressures. The yield of nitric oxide is also 
increased by increasing the frequency of the A.C. (10’ cycles/scc.), 
the intensity of the nitric oxide and molecular nitrogen bands 
becoming greater. By increasing the frequency and dccrca.sing 
the prcs.sure it is possible in this way to double the yield of nitric 
oxide in the luminous arc. 

The detailed mechanism of the electrochemical formation of 
nitric oxide has not yet been fully elucidated. According to 
electron bombardment experiments the nitric oxide formation 
commences at a minimum electron energy of about 17 electron 
volts, which according to Table 40 would roughly correspond 
to the ionisation energy of the nitrogen molecule. The primary 
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process is therefore probably the reaction 

N,++e,-+Q,-^2N0. (84) 

With electron energies of 22 e.volts, the formation of nitric oxide 
is much increased. This energy corresponds to the dissociation 

N,-^N++N + v, (85) 

so that nitrogen ions and nitrogen atoms are available to con¬ 
tribute to the formation of nitric oxide. Lastly, as indicated 
above, it is necessary to take into account the reaction between 
nitrogen atoms and oxygen atoms, which, because it is strongly 
exothermic, only takes place by three body collisions or on the 
metal surface. Activation of oxygen only is insufficient to form 
nitric oxide at an appreciable speed as follows from the fact that 
if air is exposed to radiation of short wave length, ozone is formed 
instead of nitric oxide. The primary process in the formation of 
nitric oxide hence always consists in the absorption of electron 
energies by nitrogen. 

The formation of prussic acid by the combination of methane 
and nitrogen in the luminous arc has some technical importance. 
The net reaction is essentially 

2 CH, + Ng -► 2HCN -I- 8 Hj. (86) 

Other hydrocarbons can be used in place of methane. The depo¬ 
sition of carbon can be avoided by the use of an excess of nitrogen. 
Using high ficquency A.C. (10^ cycles per sec.) and low pressures 
(100 mm.), n-octane, for example, yields about 120 g. of hydrogen 
cyanide per kwh, which corresponds to a current efficiency of 
about 19%. Little is at present known about the reaction mecha¬ 
nism. In the discharge tube the spectra of Nj'*', N"*", CH'*’, 
and C, can be observed so that the primary process probably 
again consists of the ionisation or dissociation of nitrogen. 

Finally, the reaction of pure hydrocarbons in the electric dis¬ 
charge must be mentioned, as they also have industrial im¬ 
portance. Thus acetylene can be produced from methane in the 
luminous arc; and higher hydrocarbons give rise to lubricating 
oils and motor fuels by polymerisation and hydrogenation or 
dehydrogenation. The kinetics of these reactions again depend 
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on pressure and the frequency of the A.C. used, A systematic 
investigation of this field has not yet been attempted. 

BibJiography; The PropertieB of Atomic Hydrogen, £rgehfi. exaki, Natur- 
wiE8. 1027, 8, 201: C. L. Thouas, G. Eolott and J. C. Maxwell, Chm, Aeu., 
1041, 88,1; E.B. Maxted, Modem Adoances in Inarganic Chemistry, Oxford, 1D47. 



CHAPTER XIII 


EXPERIMENTAL METHODS OF 
ELECTROCHEMISTRY* 

1. Introduetioii 

In the preceding chapters, description of experimental methods 
has been limited to the principles necessary for the understanding 
of the main text. In the following chapter the modem experi¬ 
mental methods of electrochemical research arc outlined. The 
many references enable the original papers to be quickly and 
easily consulted for working details when necessary. It is hoped 
that this chapter will also be of particular use to the research 
worker. 

The use of electronic techniques has recently become wide¬ 
spread in electrochemistry and many of the experimental methods 
described here require, for their full understanding, a knowledge 
of basic electronic principles. In order to assist the student who 
has not acquired such knowledge, the main part of this chapter 
is preceded by an elementary outline of the theory of alternating 
currents and thermionic valves. 

(i) Altemaiing Currents^ 

The most important type of alternating current (a.c.) is that 
which varies sinusoidally with time, i.e. which may be repre¬ 
sented by the equation, 

t = tgCosuI, (1) 

where i is the instantaneous current at a time t. This equation 

* By Roger Parhons, Ph. I)., Imperial Collcj^. of Science, London. 

^ S. G. Starling, Ekctridly and Magntiim, 7th. edition, Longmans, Green, London, 
1D41; Handbook of Wireless Tekpapky^ Vol. 1., If .M. Stationery Office, London, 
1M2. M. Nelkon, Physics and Radio, Arnold, London, 1944. 
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may be understood by considering a vector of length ip rotating 
about one end with a constant angular velocity w. 

The plot of the projection of this vector on an axis (in Fig. B2a, 
the y-axis) against time (f) gives a sine wave representing the 
variation of the 
current. The sine 
wave has an am¬ 
plitude tg and afre- 
quency, given by 

/ = iij/(2 3r). 

Ifana.c. is pass¬ 
ed through a pure 
{i.e. non-inductive, non-capacitative) retistance [R) the c.m.f. 
across the resistance is given by Ohm’s law as 

E = i R = if R cos (lit. (2) 




Fig. B2a. The dcriviitioii of a ainc wave firom the 
projection of a rotating vector 


(Nute that the usual rating of a.c. voltage e.g, the voltage of a 
mains supply, is given as the root mean square value e = 0-7071 f'o). 

If the current is passed through a pure inductance (L) the a.c. 
induces an e.m.f, in the inductance which is given by 

di 

E,= -L-^. ( 8 ) 


This induced e.m.f. opposes the flow of the current and for 
current to pass through the inductance an equal but opposite po¬ 
tential difference must be applied. (Once the applied potential dif¬ 
ference is equal and opposite to the induced e.m.f. there is no 
opposition to the flow of the current % because the inductance is 
assumed to have zero resistance. Note that the absence of oppo¬ 
sition to the current flow* does not imply an indeterminate current, 
because the current was fixed initially). The applied potential dif¬ 
ference is the potential difference w'hich may be observed across 
the inductance. 

Using (1) the applied c.m.f. is given by 


E = + L -^{if cos (lit) , 


= — ui L ip •'iin , 

= (I) L tp sin {(lit -|- n). 
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This equation may also be nmtten, 

E = to L if cos {ad -|- n/2), (4) 

which on comparison with (1), indicates that the e.m.f. is related 
to the current in the same way as in Ohm’s law (the R being 

replaced by toL) 
but, unlike the 
e.m,f. across a re¬ 
sistance, that a- 
cross an induc¬ 
tance leads the 
current by n/2 ra¬ 
dians or 90° (Fig. 
82b). This result 



Fig. B2b. Rotiiting vectors and imijections illustrating 
the potential ditfcrenoe acroM an induetannc and 
a capadtanoe due to an a.c. 


may also be expressed^ by use of the operator j which denotes a 90° 
rotation of a vector (operation with / ^is arithmetically equivalent 
to multiplication by —1). Hence equation (4) may be written 

£ = ni L ip cos {wt -|- nl2) ^ j to Li^ cos tot . (5) 

If the a.c. is applied to a condenser of capacity C, the charge 
on the condenser at any time t will be given by 


and since, 


then 


q=/idt; 

u 


q = CE, 


1 t 

J5 = 77/(4 cos tot) dt , 

^ U 

= 4 cos {tot — jt/: 


( 8 ) 


or 


E = 


jtoC 


4 cos tot . 


(V 


( 8 ) 


^ See for example; B. Hague, Inhnductum to Vector Analysu, Methuen, London, 
19A0; B. Hague, A.C. Bridge Methods, Chap. II, Pitnuui, London, 1D46; L. 
Hartbhobme, Radio Frequency Measy/remmts, Chapman and Hall, London, 1049. 
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CompariBon of (7) snd (1) indicates that the e.in.f. across a 
condenser lags behind the current by 90° (Fig. 82b). 

The expressions jwL and l/jwC in (5) and (8), and B in (2), 
are known as the inductive, capadtative, and resistive impedances, 
respectively. Impedance in an a.c. circuit thus corresponds to the 
resistance in a d.c. circuit. Impedances (Z) in networks may be 
evaluated using the same laws which are used for resistances in 
d.c. circuits, 

i.e. in series, Z = S ; (9) 

i 

ill parallel, ■5 ;=S-^. (10) 

The sum of the inductive and capacitative impedances is termed 
the reactance (Jl), [see also Chapter I]. 

The above three types of impedances arc limiting cases; any 
real circuit will contain components of each of the three, and its 
impedance will be the resultant of these. Consequently, the angle 
between the current and voltage vectors, the phase angle, wiU, 
in general, have values between 90° (inductive circuit) and —90“ 
(capacitative circuit). For a pure resistanc.e the phase angle is 
zero |c/. Fiquation (2) ]. 


(ii) Resonance 

An important type of circuit consists of a resistance (F), a 
capacitance (C), and an inductance (L) in scries. From (9) the 


impedance is 

Z = R j uL 'j~'p , (II) 

J U) Kj 

This Tqmscntfi a vector (S) ivith a vector [u £-pr j at 


right angles to it (indicated by the operator jj. It may thus 
be seen (Fig. 88a) that the resultant (Z) of these two vectors 

has a minimum value (R) when eoL = —. 

Hence, at constant applied potential difference a mammum 
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Fig. 88a. Vector diagram for 
a complex impedance 


current is observed when this con¬ 
dition is imposed. The circuit is then 
said to be in resonance. Using this con¬ 
dition it can be seen that for given 
values of L and C the resonant fre¬ 
quency (/,) is given by 



and the circuit is said to be "tuned” 


to this frequency. Another important t}rpe of tuned circuit is that 
of a condenser (capacity C) and a coil (inductance L and resistance 
R) in parallel. It can be shown that the resonant frequency of this 


circuit is again given by the expression 


J-I/J- 

‘231 r LC ’ 


but for this 


circuit it is the condition for maximum impedance, in contrast to 
the series circuit. The latter is known as an acceptor tuned circuit 
because it allows maximum current to flow at the resonant fre¬ 


quency, i.e. it “accepts” the resonant frequency, while the parallel 
circuit is called a rejector timed circuit, because minimum current 
flows at the resonant frequency. 

An acceptor circuit has the particularly useful property of acting 
as a voltage amplifier, because at resonance it has a low net impe¬ 
dance, although the circuit may contain two high impedances 
(capacitative and inductive) which effectively cancel nut. Thus, 
if an alternating c.m.f. {E) is put across a series circuit (inductance 
(L), capacitance (C) and a resistance (R) in series) which is tuned 
to be in resonance with the applied potential difference, its 
impedanceisiZ. The current flowingthrough the circuit is given by 
Ohm’s Law as E/R. However, this current flows through the in¬ 
ductance and the capacitance, which may have large (but equal and 
opposite) impedances, so that a potential difference much larger 
than that across the total circuit is obtained across the inductance; 
and an equal potential difference, but opposite in direction, is 
obtained across the capacitance: e.g. the voltage across the in¬ 
ductance is 

E 

Ej^ = iZj^ = -^ti>fL. 
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The amplification factor (Q) which is defined as the ratio c 
output to input voltage, is given by 


Q = 


E 


a),L 


(14) 



Fifr. Hi-llj. lIPKiiiiiiiirc riir\-c. Reproilutxul Iniin M. G. Scrugqie, 
youndatimM of Wireless, 4tti cd. (Tliffe, London, 1!I45) 

If the current passing through the circuit (or the voltage across 
the condenser or inductance) is plotted against frequency, keeping 
the applied voltage constant, a curve of the form shown in Fig. 
88b is obtained which is known as the resonance curve. A sharp 
maximum corresponds to a high value of Q, while a rounded 
maximum corresponds to a low value of Q. Since the shape of 
the resonance curve is a function of Q, it is possible to obtain a 
value of Q without knowledge of C, L and R by comparing an 
experimentally measured resonance curve with a diagram such 
as Fig. 88b. 
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It can be shown that the most general definition of Q for a 
resonant circuit is 

energy stored in the system 
power loss in the system 

Equation (15) is of particular use for the resonant systems dis¬ 
cussed in the following section. 

(iii) Rtsonant Circuiis at Vay High Frequencies^ 

The use of the resonant circuits described above depends on the assumption 
that the current passing tlirough tlie circuit at a given instant lias the same value 
throughout the circuit. An alternating current varies from zero to its maximum 
value in the course of a quarter of its vravclcngth. Thus, the above assumption 
will be valid if tlie linear dimensions of the circuit arc small compared with the 
quarter wavelciiglli of the a.c. being used. Owing to tlie praiiJcal difficulties of 
making very small apparatus, the lowest wavelength practicable with ordinary 
resonant circuits is about 2 metres. 

For a.c. of shorter wavelengths special methods must he used which have been 
developed fhmi tftmmissUm lines. These were origiiiuJly UBt*d fur transmitting 
high frequency power (e.g. from a transmitter to the radiating aerial) without loss 
of power by radiation. It is found tliat tlie amount of jMiwcr radiated by an ordi¬ 
nary wire increases rapidly witli tlu! frequency of the current being passed tlirough 
it. For high frequencies (10” -10* c.p.s.) power cum lie transmitted satisfartorily 
through a pair of straight parallel wires a few centimetres apart (which arc known 
as Lecheii uiim), because the field around one wire acts in the opposite direction 
to tliat round the other at a given moment, so tliat the net external field is close 
to zero, f.c. radiation does not occur. For higher frequencies (up to about 10” c.p.R,) 
coaxial conductnrs form more efficient transmission lines because tlie field (due to 
tlic current) is completely enclosed between tlie inner and outer conductor. For 
yil; higher frequencies (10” to 0-10^'' c.p.s.) mure power can be truiisiiiittcd 
through a holiow conductor tliun through a coaxial line (one reason fur this is 
the power loss in the dielectric supports for tlie inner cMindiictor in a coaxial linr). 
An important feature of such hollow conductors, w'hich are called wave guides, 
is tliat there is a maximum wavelength which can he transmitted thruiigh them; 
this is of the order of tlic width of the wave guide. 

If some discontinuity occurs in a transnussion line, some of the elect.ro-mngnetic 
waves are reflected {cf, the reflection of light when some lUsoontinuity is present 
in tile medium in which it is being transmitted). If the length of the line is adjusted 
BO that the reflected wave is in phase with the original wave, standing waves are 

^ J. C. Slateu, Micro Wave Transmissionf McGraw-Iiill, New York, 11142. W. 
Jackson, High Frequency Tranmissian Lines, Methuen, London, 1945. Iladio Re¬ 
search Lab., Harvard, Very High Frequency Technique, McGraw-Hill, New York, 
1047. B. Lovell, Electronics, Pilot Press, London, 1947. 
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act up and the tnnamliuon line can act ai a iMonatnr. In wave guidea, the required 
diwontinuity ie obtained eimply by clonng the end of the piM* The MiMng 
cavity in which the atanding wavea occur at reaonancc ia called a cavity rcaonator 
(q^, Hxuihoiau cavity reaonatora for Bound wavea). The leaonant frequency de- 
penda on the dimcnalona of tlie cavity. The power loaa fai auch a reaonator filled 
with air (which ia approjdniately equivalent to a vacuum aa a dielectric) la very 
BuiBll and, aa would be expected from equation (15), the Q value ia found to be 
large. 


(iv) The Thermionic Valve ^ 

The simple-st type of valve is the diode which consists of two 
electrodes supported in an evacuated tube. One of these electrodes 
is heated by a low voltage current * until electrons are emitted 
thermionicaUy (XII -1), If a potential difference is applied across 
the valve so that the heated electrode is negative, electrons are 
attracted to the other electrode and a continuous current can flow 
through the valve. If the polarity of the applied potential difference 
is reversed, however, the electrons are attracted to the electrode 
at which they are produced. Under these conditions no current 
can pass through the valve. In this way an alternating current 
can be rectified by passing it through a diode, which allows current 
to pass in one direction only. It has been seen that when current 
is pasiiing the heated electrode is negative; it is therefore called 
the cathode and the other electrode is the anode. 

The diode is converted into a more useful type of valve, the 
triode, by inserting between the anode and the cathode a metal 
grid which consists of a mesh of fine wire tlirough which electrons 
must pass to reach the anode from the cathode (Fig. S4). The 
principal advantage of a triode (and of multigrid valves) is that 
a very small amount of power can be used to control a much 
larger amount of power (obtained from the source of the ca- 
thode-anodc potential difference). If the grid is at a negative 

^ H. .1. Rnicii, Theory md Applications ii/EIecfninTii&ejr,McGraw-HilL, New York, 
1D44. H. C.AValker, Electronic Equipment and Accessories, ^ewnca, London, 1D45. 
A. L. Aiaeut, Fundamental Electronics and Vacuum Tubes, MiiciiiiUan, 1947. 
Cbufts Electronics Staff, Electronic Circuits and Tubes, McGraw-Hill, New York, 
1947. K. 11. Spamgenburg, Vacuum Tubes, McGraw-Hill, New York, 194B. L. B. 
Arguimbau, Vacuum Tube Circuits, Wdey, New York, 194B. 

* The low voltoRC current may pass through the electrode itself (directly heated 
valve) or through a separate electrode, called the filament (indirectly lieated valve). 
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potential with respect to the cathode S electrons in between the 
grid and the cathode will tend to return to the cathode. How- 



Fig. H4. The triode valve. Heprodiu^d from H. J. Hiacn, Theory and ApplicaHona 
of Kleciron Tubes (MeGraw-llill, New York, 1944) 


ever, unless the grid is at a fairly high negative potential (up to 50 
volts for some valves but more often about 10 v.), a few high 
energy electrons will overcome the grid-cathode field and pass 
through the grid; although the majority of eleetrons (having lower 
energies) will be returned to the cathode. Once the elcctron.s pass 
the grid they are attracted towards the anode, which is more posi¬ 
tive than the grid and cathode; consequently a small current passes 
from the cathode to the anode. As the grid becomes lc.ss nega¬ 
tive more electrons have sufficient energy to overcome the grid- 
cathode field and a larger current passes through the valve. The 
current in the circuit joining the anode and the cathode (the anode 
circuit) is thus a function of the potential difference between the 
grid and the cathode (the grid circuit); the relation is found experi¬ 
mentally to be linear over a con.siderablc range for many valves. 
(The proportionality factor (g,,) is known as the mutual conduct¬ 
ance and may be expressed in anip./v.). This is the basis of the 
use of the valve for amplification (sec p. 530). Most triodcs arc con¬ 
structed so that useful currents (1-50 milliamps) will flow through 
the anode circuit while the grid is still slightly negative with 
respect to the cathode. Under these conditions no electrons are 
attracted to the grid and no current flows in the grid circuit (in 

* The potentiab of the electrodes of a valve are usually referred to the potential 
of the cathode. Thus, the ‘anode potential’ rneans the potential of the anode with 
respect to that of the cathode. 
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practice a very small current occurs due to electrons hitting the 
grid), hence very little power is taken from the source in the grid 
circuit. 

For some uses {e.g. very high amplification, cf. p. 581) the triode 
has the disadvantage that, because of the capacitance between the 
anode and the grid, the larger variation of the anode potential 
induces variations in the grid circuit. [These would distort the 
potential variations originally present in the grid circuit, or even 
cause the valve to oscUlate (see below p. 581)]. This capacitance 
may be reduced by placing a second grid, called the screen grid, 
between the original grid (control grid) and the anode. The screen 
grid is maintained at a constant potential close to that of the 
anode and acts as an electrostatic shield to prevent coupling 
between the control grid and the anode. This type of valve is 
called the tetrode. However, it operates imsati.sfactorily if the 
variations of the anode potential become so large that at times 
the anode becomes negative with respect to the screen grid. If this 
occurs, some of the electrons are attracted to the screen grid (most 
of them have sufficient kinetic energy to pass straight through to 
the anode), together with secondary electrons produced at the 
anode by the impact of the primary electrons (Chap. XII). Thus, 
current will flow thi'ough the screen grid circuit. This causes un¬ 
desirable effects, e.g. distortion of the wave form when the valve 
is used as an amplifier. 

For many purposes the tetrode has been superseded by the 
pentode in which a third grid (the suppressor grid) is introduced 
between the screen grid and the anode. The suppre.ssor grid is 
usually maintained at a potential close to that of the cathode and 
thus prevents the secondary electrons from reaching the screen grid. 

(v) The ThyreUron^ 

The thyratron, or gas-filled relay, is a triode which is filled to 
a low pressure (1 • 50 microns) with an inert gas, such as argon, or 
mercury vapour. When the grid is maintained at a negative po¬ 
tential with respect to the catliode, and a positive potential is 

' S. K. Lkwer and C. E. Dunham, G.E.C. Journal lttR2, Nos. 2 and 8. C. E. Wynn- 
WiLUAMB, Sci. J. Roy, CoU, Sci., 1887, 7, 121, 
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applied to the anode, very little current passes. If either the 
grid is made less negative or the anode more positive, a critic¬ 
al state is reached where the number of electrons which can 
pass through the grid is sufficient to ionise the gas, and an arc 
discharge (p. 496) strikes between the anode and cathode. The 
ratio of the positive anode potential to the negative grid po¬ 
tential (both with respect to that of the cathode) at the critical 
condition is known as the control ratio (usual values are between 
20 and 100). Under discharge conditions a sheath of positive ions 
forms round the grid so that it has no control over the discharge 
once it has been struck. Discharge continues until the anode 
potential falls to a value slightly above the ionisation potential 
of the gas in the valve. The energy then being supplied to the 
valve is insufficient to maintain the arc. The thyratron acts as 
a sensitive rday, since a very small power source can be used 
to supply the grid potential and the time lag for ionisation is less 
than ]0~* seconds. The current passed between the cathode and 
the anode is larger than that in a highly evacuated valve (about 
O'l - 0'5 amp. in a small thyratron and up to 1000 amp. in very 
large valves). Some provision must be made in the circuit for 
resetting the thyratron {i.e. stopping the discharge) such as inter¬ 
rupting the anode circuit or applying a negative pulse to the anode. 
The time required for deionisation is again very short (about 
10-^ see.). 


(vi) Basic Uses oj the Thermionic Valve 
(a) The Amplifier 

One of the most important uses of a thermionic valve is in the 
amplification of small voltages. The valve is normally operated 
under such conditions that the relation between grid potential 
and anode current is linear. 

A change of dv^ volt in the grid potential then causes a change in 
g„ dVg amp. in the anode current (cf. p. 528). The same change in 
the anode current could be obtained by maintaining the grid 
potential constant and changing the anode potential by ftdo^ 
volts; the coefficient p being known as the amplification factor. 
The change in the anode current can then be expressed by treating 
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the vbIvc fts & Pcsistflncc of ohins! i,f, the chsiige in snode 
current is given by 

I* I 5'”f 


Fij^. B5. Bmiic aiii]ilifier cireuit 


anode current will be 


This change in anode |-^^ 

current, however, has been erHeirta^ IrJ "**■ 

calculated neglecting the I 

influence of the external 0*^ 

circuit. If the anode circuit 

contains a resistance (B) * 

(Fig. 85), the change in ""P™'* 

anode current will be ^ (neglecting the resistance of the 
battery whieh is usually small). The change in the potential differ- 

fUL R 

cnce across the resistance (B) will be ^ ^ dv^. In this way it can 

be seen that a valve wUl amplify a small potential difference applied 

u B 

between the grid and cathode to a potential difference ——^ times 

r,-t- B 

as great, which is developed across a resistance (B) in the anode 
circuit. 

ft R 

The value of-- ^ , which is known as the stage gam, can be 

largest for valves such as pentodes, because a large amplification 
in a triude causes coupling of the anode potential variations to 
the grid, as referred to above. It is usually about 100 for small 
pentodes and may be as low os 5 for triodes designed to carry 
large currents. It may be increased by increasing B, but in practice 
optimum working conditions are usually obtained when B ~ . 

For increased amplification several valves may be coupled together. 

Owing to the rapid response of the valve, i.e. the low inertia 
of the electrons, very rapidly varying e.m.f.’s may be ampli¬ 
fied without change in the wave form. 


(b) The osciUator 

Another important use of the valve is in the production of 
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sinusoidal alternating currents. It is the property Of a tuned 
circuit such as that shown in Fig. 86a, that when the condenser 
is charged from any external source, the discharge through the 
inductance is a sinusoidal alternating current of the resonant 
frequency of the circuit. This is known as a damped oaciUation 
because it dies away rapidly, i.e. the amplitude of the oscillation 
rapidly approaches zero. 

If such a circuit is put into the grid circuit of a valve (A in 
fig. 86b), tlie damped oscillation will be amplified by the valve 
and an alternating potential difference will be developed across 
the inductance (B), which has a very much larger amplitude than 
that in the grid circuit. If this inductance is placed so that its 



( 0 ) 



(f>) 


Fig. HQ. Ilusic oscillator circuit 


field interacts with that of the inductance in circuit A, this larger 
alternating potential difference will be induced in the grid circuit. 
It will then be further amplified by the valve. Thus, by a repetition 
of this cycle the voltage of the oscillations increases until a limituig 
amplitude is reached. This limit is imposed by the saturation 
thermionic current of the valve (.see Chap. XII - ]). 

The circuit shown in Fig. 86b can thus be used for a steady 
source of alternating current at a frequency equal to the reso¬ 
nant frequency of the grid circuit (A). The a.c. may be obtained 
from the terminals (T], T|) or by means of an inductance coupled 
to (B). The initial charge of the condenser for the first (damped) 
oscillation may be obtained simply by closing the switch (K) on 
the high tension battery (C) or even from stray electrical dis¬ 
turbances in the surrounding atmn.sphere. Valve oscillators are 
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used widely * because they contain no moving parts to wear out, 
and the frequency can be varied readily by altering either the 
inductance or the capacitance in the tuned circuit (A). 

Frequencies up to 10^ c.p.s. can be obtained using oscillators 
based on the circuit described. For low frequencies, of about 
10® c.p.s. or below, however, the components required for the 
tuned circuit become rather bulky and a beat frequency oseiUoim 
is commonly used. In this type two circuits are used, each 
generating high frequency oscillations, their frequencies differing 
by an amount equal to the low frequency desired. The output 
currents of the two circuits are then combined, and the desired 
frequency is produced as tlic beats between the two high fre¬ 
quencies. Low frequency oscillations can also be obtained in a 
single oscillator, by replatung the inductaTice-capacitance tuned 
circuit by a resistance-capacitance circuit *. The R-C otdttator has 
the advantage that it is somewhat ea.sier to construct than the 
beat frequency oscillator. 


(vii) The Cathode-ray Tube 

The modem cathode-ray tube ® is shown diagrammatically in 

Fig. 87. It consists essentially of a system of electrodes (A.B. 

C.D.E.F.) (known as an electron ray gun) for producing a 

very narrow beam 

of electrons, two 

pairs of deflector 

plates which can 

alter the direction 

of the beam elec- 
. .. „ , Yiff, 87. TIa* rulliodc-mv tube 

trostatically and a 

screen coated with a phosphor which glows for a .short time 



^ H. A. Thomsun, Theory and Design of I'ahie Oseilhdors for Radio and Other Fre¬ 
quencies, riiaiimnn aiid Hall, London, 1D30. 

* See for example: !<'. E. Tehman et al., Proe. Inat. Rad. Rnp., 1939, S7, 644. 

* K. 11. WATsuN-WA'rr et nl. The Cathode-ray T'ube in Radio Research, I-LM.S.O., 
London, 1938. J. T. MAcGREaoR Mobris and J. A. Hbni.rv, Calhode-ray OsciUo- 
graphy, Cliapman and Hall, London, 1036. M. v. Ardennk, Cathnde-ray Tubek, 
Pitman, London, 1039. G. Parr, The Low Voltage Calhode-ray Tube, 2iid. Edition 
Chapman and Hall, London, lO'tS. W. Wimkn, The CaOiodr^ray Oscittograph in 
Industry, Chapman and Hull, lAindon, 1048. 
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after being struck by electrons, so that the track of the rapid¬ 
ly moving electron beam is visible as a continuous trace on 
the screen. (For a slowly moving beam the track is visible as 
a point of light moving, i.e. the quenching of the fluorescence 
occurs at a rate comparable to the speed of movement of the 
beam.) The whole system is contained in a highly evacuated tube. 
Electrons are produced as in a valve by the action of heat pro¬ 
duced by a low voltage current in the filament (A), on the cathode 
(B). They are then accelerated towards the screen (S) by a large 
potential difference applied between the cathode and the first 
anode (D). The intensity of the beam may be controlled, as in a 
triode, by the grid (C). The potentials of the three anodes (D.E.F.) 
are adjusted so that the field between them causes all the electrons 
in the beam to hit very nearly the same spot on the screen (S), 
i.e. the field between the anodes acts as a system of “electron 
lenses” and “focusses” the electron beam. In this way a very 
narrow beam of electrons is sent to the centre of the screen where 
a spot of light is visible. 

The direction of the electron beam (and consequently the 
position of the spot of light on the screen) may be altered by 
applying a potential difference between the two deflector plates 
(X or Y). The two pairs of plates are mutually at right angles so 
that the beam may be directed at any point on the screen. The Y 
plates deflect the beam in a vertical plane, and the X plates deflect 
it in a horizontal plane. The electron beam may also be deflected 
elcctro-magnetically by means of coils wound round the outside of 
the tube, but this type of oscillograph will not be considered further 
here. The accelerating cathodc-anode voltage is u-sually of the 
order 1-2 kilovolts, the anodes being close to earth potential 
and the cathode at a large negative potential. If the cathode were 
earthed, the potentials applied to the deflector plates, which are 
normally close to earth potential, would set up a strongly decele¬ 
rating field between the last anode (F) and the deflector plates; 
the electron beam would then be very diffuse and might not 
reach the fluorescent screen. The deflection of the beam, as 
measured by the movement of the spot on the screen, is directly 
proportional to the potential difference applied across the de¬ 
flecting plates and inversely proportional to the accelerating 
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voltage. The sensitivity of a given oscillograph is usuaUy caressed 
as the deflection which would occur with a potential Hiffwnnp 
of one volt across the deflecting plates, and an accelerating po¬ 
tential difference of one volt. It is usually between 10 and 100 cm. 

The advantage of the eathode ray tube lies in the fact that the 
electron beam has negligible inertia (it will respond accurately to 
frequencies up to 10* c.p.s.), and also that a negligible current is 
drawn from the source of the voltage applied to the Hffflpptor plates. 

(viii) Applicationt of the Cathode-ray Tube 

On of the simplest uses for a cathode 
ray oscillograph is the oomporwon of the 
frequencies and phase relatioruhips of two 
alternating potentials, by applying one 
potential to the X plates and the other 
to the Y plates. If both potentials vary 
sinusoidally, the movement of the elec¬ 
tron beam is the resultant of two simple 
harmonic vibrations occurring at right 
angles to one another. A pattern, known 
as a Lissajous figure (Fig. 88), is seen 
on the screen, which is more complex the less simple the relation 
between the frequency and phase angle of the two potentials. For 
example, a moving pattern occurs unless the quotient of the frequen¬ 
cies is rational. A rational frequency ratio can be determined by 
drawing a rectangle whose sides arc tangent to the stationary 
pattern and parallel to the X and Y axes. The ratio of the Y to 

the X frequency 
is then the ratio 
of the number of 
points of tangency 
of the curve to a 
horizontal side, to 
the number to a 
Kg. sea. Saw-tooth wave Vertical side. 

For most purposes, however, it is more convenient to use a 
voltage on the X plates such that the beam sweeps across the 
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screen at a constant rate, returning almost instantaneously to 
repeat the sweep. The varying potential difference applied to the 

Y plates is then shown on 
the oscillograph screen as 
a function of time. Such a 
voltage is known as a Hme- 
bcue voltage and is of saw 
tooth form (see Fig. 89a). 
Basically, a saw tooth 
wave is obtained from the 
charging of a condenser. 
Fig. seb. Buie tinie-boav cirvuit which is periodically dis¬ 
charged. With a constant 
charging current, the voltage-time curve is very nearly linear. A very 
simple time ba.se circuit is shown in Fig. 89b. The condenser 
(C) is charged at a constant rate controlled by the resistance 
(R), until the potential difference across its plates is sufficient 
to cause a discharge in the neon tube (N). The condenser is 
thus short-circuited and the potential difference acro.ss its plates 
falls very rapidly, until it is insufficient to maintain the dis¬ 
charge in the neon tube. The charging procD.sN then recommences. 
In praclice ^ a more nearly con.stant charging rate is obtained by 
charging through a pentode instead of an ordinary rc.sistance 
and the neon tube is replaced by the more readily controlled 
thyratron. 

By means of a time-base, the magnitude of any voltage and 
its variation with time may be observed visually (or photo¬ 
graphically). Voltage variations of about 100 v. are necessary to 
obtain a pattern of sufficient size but with high gain amplifiers 
voltage variations smaller than 1 mv. may be obscrv'cd. Current 
variations may be observed by using the potential difference 
across a resistance in the circuit to be investigated. Typical elcelro- 
chcmical applications of the cathode-ray oscillograph are given 
below {e.g. Conductance under high field strength p. 569; Cathode- 
ray Folarograph p. 585). 



* For pncticnl circuits see: 0. S. Puckle, J. /im(. Elec. Eng.,194S, H, 100. 0. S. 
PucKLG, Time Bam, Chapman and UoU, London, 1040. 
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(ix) The 'Magic Eye' 


A veiy much simplified indicator of a type sinular to the catliode-my tube is 
the electron ray tube or ^Magie Eye’ K This cionHlsts of a vertically mounted cathode 
BUiTounded by a phosphorescent target anode inclined so that it is visible from 
above as an annulus (Fig. 80a). Parallel to tlie cathode are placed control electrodes. 
These act os screens to the electrons, causing the segment of the anode opposite 
to remain dark, due to the ^shadow’ of tlie control electrode. When the control 
electrode becomes more positive than the cathode, the anode-cathode field is 
modified and the electron beams arc bent round the control electrode, i.e. the 
width of the shadow becomes less as the control eletiirodc liecomes increasingly 
positive and vice versa. 

The magic eye can lie used for indicating null points (when the ]N)tcntial diffeTenoe 
lictween two parts of a cir¬ 


cuit is zero); for example, in 
a potentiometer or a bridge 
circuit. In practice, the sens¬ 
itivity is increased by use 
of an amplifier valve which 
is conveniently included in 
the same envelope as tlic 
magic eye, tlic anode of the 
amplifier being connected 
internally to the control 
electrodes and the cathodes 
roniiectcd together. The 
basic circuit of such a 
valve is shown in Fig DOb. 




The resistani^e (R) (which 
may be of the order of 1(1* 
ohm.) is iiiseiicHl so tliut the 
potential diffcrcnoc lietwceii 


Fig. 9(1 a. The magic eye. llcprodueed from H. J. Retch, 
Thniry and Appliratim of ElcHrfm Tabes 
(McGniw-llill, New York, 1944) 


the magic eye anode (the 
fluorescent screen) and the 
noiitrol electrode (i.r. the 
anode of tlie amplifier) is 
pro|iortional to the euirciit 
passing through this rosist- 
aiiee, t.e. tlie anode circuit 
of the amplifier valve. When 
the potential difference be¬ 
tween the points (T) and 
(S) is zero, maximum cur¬ 
rent flows, through the 


FIuoTNCmt mode 



Fig. OOb. The magic eye circuit 


^ L. C. Waller and P. A. Richards, Radio Retailing^, December, 1985, p. 47. 
H. C. Thompson, Proc. Inst. Had. Eng. 1086, 24, 1270. 
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triode and tlie raiBtance (H). Thus there is a maximum potential difference ocron 
this reBiotonoe and hence between the control electrode and the anode of the magic 
eye (the former being more negative). Tbia is the condition for maximum diadow. Ai 
the potential difference between the pointa (T) and (S) increasca, the grid of the ampli¬ 
fier becomes more negative and less current flows through the valve. The resulting 
lower potential difference across the resistance leads to a decrease in the area of 
shadow observed, because tlie control electrode is then less negative. By connecting 
the two points in an external circuit to (T) and (S), the magic eye can be used to 
indicate when the potcnlial difTcreiice between tliese two points is zero. 


Z Current 

(i) Absolute Measurement ^ (I - 4) 

The value of a current may be determined absolutely from the 
weight of silver depasited during a measured time in a silver 
coulometer or voltameter. (For other methods see ref. ^). 

One of the principal practical difficulties encountered in the use of a silver 
coulometer is due to the presence of traces of impurities in the silver anode, which 
on the dissolution of the latter form on ‘anode slimed Various methods' have 
been adopted to prevent these impurities from contaminating the cathodic deposit, 
which is weighed. A detailed study of experimental conditions for accurate silver 
coulointd^ry was mode by Rosa, VinaTi ri ai. * who concluded (inter alia) that 
the solutions must not be allowed to come in contact with filter paper (as for 
example in the Rayleioh coulometer). 

The coulometer developed /or accurate work has a platinum 1h)w1, which contains 
the electrolyte, as the cathode while the silver anode is suspended in the centre. The 
separation lietwcen anode and cathode is achieved by use of either a carefully 
prepared porous pot (RicnAHDS * hoc. ctf.), nr a glass disc with a glass cylinder 
ground into it (Smith *). The gloss cylinder is kept lowered except during the actual 
electrolysis. Great care is required in the preparation of the silver nitrate for the 
electrolyte, an almost exactly neutral salt being required to ensure that pure 
silver is deposited. The anodes are the best electrolytic silver and the silver removed 
is usually replatcd from Uie Iwwl after each experiment. 

* These reference numbers refer to the connected topic in earlier chapters. 

' A. Gray, Absolute Meaeuranenta fn ElectricUy and MagneHam, 2nd. Edition, 
Macmillan, London, 1021. F. A. Laws, Electrical Meaaurmenta, 2nd. Edition, Me 
Graw-llill, New York, 1D8B. P. Vigoreux and C. E. Wedh, Electric and Magnetic 
Meaaurementa, Chap. II, Blaitkie, London, 1046. 

* Lord RAYLEion, PkU. Trana., 1884, A 176, 411. F. E. Smith, Report of Nal. 
Phya,L(di.t 1910, p. 82. T. W. Richahus, J. i4m. Chem, Soc., 1D15, 87, 20. 

” E. S. Rosa, G. W. Vinal el a/., U.S. Bureau of Stda. Bull., 1018, 9, 151, 498; 
118, 19, 425, 475. 
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The silver coulometer described is unsatisfactory for eurrents 
greater than one-ampere and for such currents, and fbr general 
purposes when extreme accuracy is not required, the copper 
coulometer is used sinee it is much simpler in operation. A study 
of this coulometer was made by Matthews and Ware ^ usin g 
a cylindrical copper anode and a cylindrical platinum wire gauze 
cathode. The electrolyte is copper sulphate solution; and for low 
currents the addition of alcohol appears to improve the deposit. 
At currents greater than 8 amps it is necessary to rotate the 
cathode. The results are accurate to about 0-1. %. It may also be 
noted here that the hydrogen-oeygen coulometer, which is direct 
reading, is accurate to about the same order if pure potassium or 
sodium sulphate is used as the clcctrol}rte *. 

(ii) Sulmdiary Measurements 

For laboratory purposes it is usually inconvenient to use 
absolute methods of current measurement. Results of a similar 
order of accuracy can be obtained with calibrated subsidiary 
instruments, such as the galvanometer, which are well described 
in textbooks of practical physics ‘ . 

A useful method, often used for measurements of low currents, 
is that of passing the current through a calibrated resistance the 
potential difference across which is measured with a potentiometer 
(section 7). 

3. Heats of Solution and of Dilntion (HI-4) 

The classical "can” calorimeter * has been used recently for 
approximate measurements. Zeijjioefer and Cuplet *, for 
measurements of relatively large heat changes, used a calorimeter 

* II, P, Matthrws and L. W. WarKj J. Phys, Chem., IIMJI, 2840; c/. 
A. L. Marshall, Tnttu Faraday Soc. 1025, 21, 207. 

■ R. A. Lkiifuldt, Phil Mag. 1908, (4). 15, 014. J. J. Linoane, Faraday Soc. 
Dimutsian, 1047, 1, 203. 

” A. W. Smith, EUctrical Measuremmis in Theory arid Applicaiion, McGraw-Hill, 
New York, 1948. 

* M. P. E. Bektuelot, Thennochimie, GBUtier-VillnrH, Poru, 1897. H. P. J. J. 
Thomsen, Thermochemislryt LoiifrnianB Green, London, 1908. 

* G. F. Zkllhoefer and M. J. Copley, J. Am. Chem. Soc.^ 1988, 60,1848. 
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in which mixing took place in a vessel immersed in diethyl 
phthalate in a Dewar flask. The temperature rise of the diethyl 
phthalate was observed vrith a Beckmann thermometer. Owing 
to the relatively large mass which undergoes the temperature 
change and the limited accuracy (10~* "C.) of the temperature 
measurement, this method is only suitable for studying large heat 
changes to an accuracy of a few percent. More accurate types 
of calorimeter also using Dewar flasks hut with resistance 
thermometers have been described by Void, by Pitzer, and by 
Southard \ 

In the adiabalie calorimeter developed by Richards et al .' 
accuracy is greatly increased by reducing the heat exchange 
between the calorimeter and its suiroundings to a minimum. The 
temperature of the calorimeter surroundings is kept very nearly 
equal to that of the calorimeter itself, using either manual control 
(more usual for rapid processes), or automatic (in slower processes) 
control This is most conveniently accomplished by means of 
a differential thermocouple (one junction in the calorimeter and 
one in the jacket), or a differential resistance thermometer with 
the two resistance wires in adjacent arms of the measuring 
bridge ‘ 

The most accurate determinations of heats of dilution have been 
carried out using a differential adiabatic calorimeter (see especially 
Lange and Robinson and Guckeh, Pickard and Planck ') 
in which the temperature difference is observed between two 
calorimeter vessels identical in all respects except that in one 
the reaction being studied proceeds while the other acts a.s a 
standard. This highly sensitive apparatus was developed primarily 
to test the predictions of the heat of dilution of strong electrolytes 
made by the Debye-Huckel theory {ef. quc.stion 6, Chapter V). 


^ n. I). VoLD, J. Am. Chem. Sne., 19»7, SB, 1515. K. S. Pitzkr, iltid., IBST, SB, 
BBS. J. C. Southard, Itid. ling. Chem. (ind. Ed.), IIMO, 3&, 449!. 

' T. W. niCHARna el at., J. Am. Chem. Soc., IDOB, 31, 1275, etc. 

* Cf. K. Fuickr, Z. f, NaUafonehmg, 1947, SO, 30. 

* e.g. J. M. Stdrtrtant, J. Phys. Chem., 1941,4S, 127. 

' E. Lanor and A. L. Uobinhon, Chem, Beve, 1081, 0, 89. 

■ L. T. Gdckkr, H. B. Pickard and R. W. Pi.anck, J. Am. Chem. Sae., 1030,01, 
450 . 
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Fig. 91. Adiabatic caloriiiieter for heats of dilution of electrolytic solutions, 
lieproduced from Chm, /fn?., IfUll, 9, 97 
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Use of the equation given in problem V-6 (or the more exact 
form shows that the heat of infinite dilution of a 0>lAf solution 
of a 1-1 valent salt would be expected to be of the order of 100 
cal.g.mol.-^ of salt. However, experimentally both the initial 
amount of solution and the degree of dilution are limited by the 
dimensions of the calorimeter so that the dilution must be carried 
out in a number of stages. Thus, the heat changes observable are 
of the order 0*1 cal. to 0-001 cal., corresponding to temperature 
changes of 1000 to 1 microdegree. 

Tlie diffarmtial cahrimeier used by Lange and ro-workere ‘ ^ (Fig. 91) consist- 
(fd of anunsilvercd Dewab vessel of about two litres capacity, divided syminetri cully 
by a themially insulating partition in which was mounted a multiple junction 
thermocouple. Tlie latter was made up of about 1000 individual iron-constantan 
thcmiocouplcs mounted witli alternate junctions on opposite faces of the partition. 
This, together with a sensitive minor galvanometer, gave a maximum deflection 
of 1 min. for lOr’ °C. Each section of the calorimeter was provided witli identical 
dUution pipettes, heating elements for calibration and stirrers. The Dewar vessel 
was immersed in a water bath tlie tempcratuic of which could lie maintained 
constant within 0*0002 °C by means of a large mercury regulator controlling tlie 
addition of warm nr cool water to the bath (preferable to the use of an electric 
heater which lias too great a lug). A 24 clement thcnnncouplc built into tlie calori¬ 
meter vessel lid enabled the tcni]ierature difference between the i;aloriineteT and 
the bath to lie observed anil controllcil. The Raliirinietcr was calibrated by passing 
known quantities nf electricity through the licuting elements inside tlie Dewar 
flask. In tills way the effective water equivident of the system and the heut con¬ 
ductivity constant were accurately determined *. Tlie latter is a measure of the 
rate at wliieh the calorimeter gains or loses heut from its suTroundings. Errors 
due to the dilution pipettes being at a slightly lower temperature than that of the 
ealoriineter liquid wen^ eliminated by o]iening both pipettes at once, one containing 
the solution being studied and the other liquid of the same ooinposition as that 
in the two lialves of tlie colorinicter. 


' E. Lange and L. J, Meixnich, Physik. Z., 1929, 30, 070, using the theory' nf 
T. H. Giuinwall, V. K. LaMrr and V. K. Sanved, find., 1928 29, 358. 

^ For calculations on heat losses sec: H. C. Dickinson, Bull U.S. Natl. But. 
Bids., in 1915, 11, 184. >V. W Wuite, The Afodem Colorifiiefer, New York, 1928. 
J. M. Stitetevant in A. Weissberger, Phyncul MeUiods of Organic Chemistry^ 
liiteracience, New York, 1940. 
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4. Didectric Polarisation (III) 

(i) Diekctric Constants ^ 

The measuiement of dielectric constants is important both 
intrinsically {e.g. for use in the interionic attraction theory) and 
for the calculation of dipole moments (see p. 552). The measure¬ 
ments on pure substances ore not difficult and the results may be 
stated \rith some accuracy, but measurements of dielectric 
constants of electrolytic solutions involve special difficulties as 
a result of the appreciable conductance of tbe solution. Results 
obtained for the dielectric constants of electrolytic solutions 
using different methods arc extremely discordant, and no final 
assessment of the most satisfactory method can be given at the 
present time. 

(a) The bridge metiiod (See also Section 6) 

The type of Wheatstone bridge circuit described in Chapter I 
can be used for the comparison of capacities * and for measure¬ 
ment of dielectric constant, since the capacity of a condenser of given 
dimensions is proportional to the dielectric constant of the medium 
separating the plates. For media of law conductance (non-clcctroly- 
tes) the modem radio frequency bridge operating at a frequency 
between 10* and 10* c.p.s. is capable of considerable accuracy. The 
highest accuracy is obtained using a substitution method *. The 
bridge is first balanced (for balance in an a.c. bridge not only 
the potential but the phase of the potential must be the same 
at opposite corners of the bridge) with the unknown impe¬ 
dance forming one arm. This is then replaced by standard com¬ 
ponents, such as a calibrated variable resistance in parallel with 
a calibrated variable condenser, and by adjusting these com¬ 
ponents the bridge is returned to balance. The impedance of the 
standard components is then equal to that of the unknown which 
they have replaced. In this way possible errors such as coupling 

^ C. A. D. Clark, Fint Structwrfi of MoJtkr, part. II. Chapman and Hail, London, 
1D41. C. J. F. BOttcher, Thtory of Electric PolamaHtnif Elsevier, Amaterdam 1D52. 
■ C/. B. Hague, A.C. Bridge Methods, Pitman, London, 1B45. 

> But cf. K. W. WAGNsn and A. Wertheimer, Physik. Z., 1912, 13, 86B. 
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with surrounding objects or inaccuracy in the components in the 
remainder of the bridge are eliminated. A bridge capable of hi gh 
accuracy in measurements of systems of low conductance has 
been described recently by Schupp and Mecke \ 

For systems of high conductance the bridge method, like the 
tuned circuit methods, is subject to two errors which greatly 
reduce its accuracy. 

(1) The electrical circuit equivalent to the test cell is uncertain. 
Experimentally the circuit is measured either as Fig. 92a or 
Fig. 92b. For these circuits to behave identically electrically it 


I——I 


Hlor 


-'WWWW" 


Vig. D2 b. 


Fig. 02b. 


EquiVBknt cireuitH 


can be shown by equating the vector potential difference [cf. 
equations (2), (8), (9) and (10) ] across the two circuits that. 


and 


1_ 

c, i/R* + w* c;* ■ 


(16) 

(17) 


If the rc.sistance of the solution is large, C, ^ C^, with the result 
that the choice of equivalent circuit is liot important. However, 
for electrolytic solutions is small and this approximation 
cannot be made. The actual equivalent circuit is almost certainly 
more complex ttuin those considered above, but the measurement 
of the current-voltage relationships across the cell impedance (as 
in an a.c. bridge) provides insufficient information for the calcu¬ 
lations of the parameters of a more complex circuit. 

(2) The passage of an alternating current through an impe- 


' R. L. ScHUPF and U. Mecke, Z. Elektroehtmie, IMS, E2, 40. 
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dance of this type distorts the sine wave so that the normal a.c. 
theory is not strictly applicable. 

Measurements of the impedance of a cell containing a didectric 
of appreciable conductance, and the dielectric constant calcu¬ 
lated therefirom, must be regarded at best as approximations. 
These considerations apply to the resonance and heterodyne beat 
methods (see below) as well as to the bridge method. 

Bridge methods have been used for the measurement of dielectric 
constants of electrolytic solutions of specific conductance up to 
about 10 mhos at frequencies of about 10* -10’' c.p.s. ^ F^m 
equation (17) it may be seen that the higher the frequency the 
more the capacitative part of the impedance affects its behaviour 
i.e. at very high frequencies ^ even if is small. 

(b) Tuned circuU meOiods 

(1) The Resonance Method: The capacity of a con¬ 
denser can be measured using the resonance condition (Eq. 
13). When an unknown capacity is placed in parallel to the 


*nov 



RrpTuducGil fhiin R, J, W. Lk Fkviie, Dipole Mometris (Metliuen, Isindon, 1B8B) 

standard variable capacity of a circuit initially in resonance, the 
adjustment which has to be made to the standard condenser in 
order to reinstate the condition of resonance is equal to the 
capacity of the unknown. 

1 M. WUM, .4nn. Phytik, 1931, 11, 429. O. Neebe, ibid., 1981, I, 929. E. 
Fibcher, PhysUc, Z., 19tt5, IB, 585. 



546 


EXPBBIUENTAL METHODS 


xni 


This method, like the bridge method, is suitable for low con¬ 
ductance media; the maximum specific conductance permissable 
is 10~* or 10~* mho. A simple circuit is described by Le Fevre \ 
This consists of an oscillator (A) Fig. 98 (the Fierce circuit) in 
which the tuned circuit is replaced by a quartz crystal resonator 
(Q) *. The latter controls the frequency of oscillation within much 
closer limits than an inductance-capacitance circuit. Certain 
crystals (quartz, tourmaline) have the property, known as piezo¬ 
electricity, that when they are subjected to mechanical strain, 
electric charges appear on the surfaces. Conversely, if a potential 
difference is applied across the crystal, mechanical strains appear. 
If an alternating potential difference is applied the crystal vibrates. 
The amplitude of this vibration is very small unless its frequency 
coincides with the natural vibration frequency of the crystal, 

when it becomes very much larger. In this 
way the crystal acts as a resonator and 
may be u.sed for stabilising the frequency 
of a valve oscillator. 

The eircuit (B) is the resonating circuit. 
The current flowing through the tuned 
circuit is measured by amplifying the po¬ 
tential difference across the standard con¬ 
denser and passing the anode current of 
the valve through a milliamnicter. A maxi¬ 
mum deflection on this indicates that the 
resonant frequency of circuit (B) is identic¬ 
al with that being generated by circuit 
(A) to which (B) is coupled inductively. 
The resonance method is discussed in de- 
„ ,. tail by IIahtsuorne It suffers from the 

TotalimnieTBionreHonntoT. , . , i -i i 

Reproduced from samcdisadvantageasthebndgemethodfor 

J. ^Vyman. Phya. Itcv ., conducting media, but has been applied to 

iwin, 36, 623 clectrol}rte solutions up to using 

* R. J. W. Le Fevre, Dipole Momenta, Methuen, London, 1B8B. 

' L. Hartbhorne, Tlodio Fnqwmeg MeasuTmenla by Bridge and Rraonanee 
Melhoda, Chapman and Hall, Ijondon, 1640. 

' P. Walden d ol., Z. pkytUtal. Chtm. A., 1D2S, 116, 201. H. T. LA'rrKV and 
W. G. Davikb, Phil. Mag., 1032, 13, 7, 444. 
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ftequencies of about 10* c.p.8. For dilute electrolyte solutions of con¬ 
ductance up to 100 times that of pure water, Wyman ^ used a Bmall 
fixed resonating system which could be entirely immersed in the 
medium under investigation. This system consisted of two coaxial 
cylinders (Fig. 94) joined by a support containing a hot wire element 
in contact with one junction of a thermocouple by means of which 
the current through the system was observed. The frequency of an 
oscillator was varied until maximum current was observed in the 
resonating circuit which was immersed in the medium. Frequencies 
between 10* and 10* c.p.s. were used. From the value of the resonant 
frequency the capacitativc part of the impedance can be calcu¬ 
lated. By comparing the capacity when the resonator is in the 
medium being investigated with that when the resonator is in air, 
the dielectric constant is obtained. 

(2) The Heterodyne Beat Method: Tliis is similar 
to the resonance method in that the tuning property of an in¬ 
ductance-capacitance circuit is used. The circuit here forms the 
tuned circuit of an oscillator, the frequency of which is determined 
by the parameters of the network. The capacity of an unknown 
can then be measured by a sub.stitution method, as described 
above. The frequency of the oscillator is determined by means of 
the heterodyne beat method. The signal from the oscillator is 
combined with that of a standard (crystal controlled) osrjllator 
and at small frequency differences an audible beat note is pro¬ 
duced. As the difference between the frequencies decreases the 
note becomes lower, and when complete silence is attained the 
two frequencies arc identical. If the test cell is put into parallel 
with the standard condenser of the tuning circuit, the net capacity 
is the .sum of the cell capacity and that of the standard condenser 
[c/. equations (8) and (10) ]. Thus, for this oscillator to again 
generate signals of the same frequency as that of the standard 
oscillator, the capacity of the standard condenser must be de¬ 
creased by an amount equal to the capacity of the cell. IVom the 
eell capacity the dielectric constant may be calculated, as described 
for the bridge and resonance methods 

This method is particularly adaptable to measurements in the 

> J. Wyman, Reo., 1D80, SB, 628. 
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10 , 000 -oliin resistor; T ^ Thordarscin T-0D12 high-power triiiisforiner; F = KMM)- 
cyde tuning fork hiimiiir.r; R| = 10* ohms; R| — 1300; H, — IBOO; U 4 = R. =•. 10*; 
Ri = 25,000; = P, -- 25,000; P| = 500,000; C-| =: H iiiinrofanids; (.'1 — 2; 

C, = 0 0025; C* = 0 005; C. = 0 - 001 ; C, = 5/i^f.; C, = 100 ; Cp = 1100 (variable 
precision condenser); Cy = 1000 (variable auxiliary condenser); t's — 100 ; 
Li = 30-henry choke; L, = radio frequency choke; ^ 51 turns of No. 20 wire 
wound on un octahedral form 3-0 cm in diameter, of which 20 turns are in the 
grid eircuit; L 4 ^ 02 turns of No. 20 wire on a similar fonn in tlie plate circuit 
and 12 turns below tliem os the. pickup; Lg = auiliotransfonner with u 1 : 0 ratio. 
Reproduced from A. WEissBisariF.n, Phyidval MrlhMln nf Organic ChnnUlnf^ 1st eiJ.. 
Vol. 11 (Interscienec, New York, 1048) 

gas phase owing to the high accuracy obtainable (in non-con¬ 
ducting systems), which is necessary because the dielectric constant 
of a gas diffcTs little from unity. 

A cimiit of the type used by Sthanatuan, ond also by Smytu \ is shown in 
Fig. 05. The constant frequency oscillator output and the output from the variable 
oscillator are finl into tlie detector circuit w-hcre the signal is amplified and o 1 )scrvcd 
with the earpliones. For more sensitive detection (e.g. in measurements of gases) 
the beat frequency of tiie two oscillators is roiiibincd with on exactly KMX) c.p.s. 
signal from a tuning fork oscillator (F). The variable oscillator can then tic adjusted 

^ C. T. Zahm, Phys. Iteo., 1D24, 21, 4(M). II. E. Watson, Ptoc, Hoy. Soc., A, 
1934,143,558. J. Stbanatiian, J. Chem. Phys., 1038, 6 , 395. C. P. Smyth d 
al., J. Am. Chem. Sue., 1038,55,453; 1942, 34, 2829, J. Chem. Pkys., 1941, 9, 352. 
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to a poaition of minimum note; when its fitequency diflien ftom that of the fixed 
oociilatoi by exactly 1000 c.p.s. Fbi the highest accuiaty it is necessaiy to thermostat 
the oscillating drcuits, particularly the crystal (B). The maximum conduetivity 
fbr which this method can be used is the same as that fbr the resonance method. 


CeUt for use with the a- 
bove methods are based on the 
coaxial cylindrical form intro¬ 
duced bySAYCE and Briscoe’ 
(Fig. 96). Modifications of this 
cell are described in detail in 
the literature cited in this 
section. Allowance must be 
made for the capacitance of 
the leads, which will remain 
constant for a given system. 

(c) Standing teave methods 
The length (A) of standing 
waves on Lecher wires (sec 
p. 526) is given by 



where / is the frequency of the 
waves, and /r the permeability 
of the surrounding medium. 
Hence, the dielectric constant 
(e) of a medium may be de¬ 
termined by measuring the 
wavelength of the oscillation 
when the wires are in air (or in i 
under investigation (A), 

E = 



Fig. !)(!. Sayck—Bhiscok i.'cll. 
lli'prutliucd fniiii Lx Fkvhx, IHpok 
Mimenbi (McMiucu, Londnn, 11138) 

vacuum) (Ag), and in the medium 


if it can be as.sumed that the magnetic permeability of the medium 
does not differ from tliat of air. IVo methods of this type were 
proposed by Drude * for electrolytic solutions, but were quite 


^ L. A. Sayce and H. V, A, IlniscoE, J. Chtm, iSoc,, lU2fi, 127, 315. 
* P. DniTDE, Z. phynUtaL C/tem., 18D7, 23| 267. 
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unsatisfactory until the introduction of electronic oscillators to 
replace the earlier unreliable spark oscillator The measurements 
were made at a wavelen^h of about 1 metre i.e. B. 10" c.p.8., and 
with solutions of concentration about 0'W5N, or less. This method 
is unsatisfactory for electrolytic solutions at high concentrations 
because the damping (c/. page 532) of the oscillations on the wires 
becomes too great, the field round the wires cannot be main¬ 
tained in a conducting medium. 

(d) Very high frequency methods 

It was shown above that according to equation (17) more accu¬ 
rate results for dielectric constants could be obtained if a very 
high frequency a.c. is used. Recent developments in radar 
technique have made centimetre waves (frequency 10* • 3.10^ 
c.p.s.) available for this work *. 

Hasted, Ritson and Collie * have used waveguides (sec 
p. 526) for the mea.suremcnt of dielectric constants of electrolytic 
solutions. One method used was a resonance method, analogous 
to those described above. The ordinary tuned circuit was replaced 
by a cavity resonator which, as was mentioned on p. 527, has 
a very high value of Q, because of the low power loss in the circuit. 
When a very small quantity of a dielectric which had an appreci¬ 
able conductance was introduced into the resonator, the power 
loss in the resonator increased sharply, t.e. the value of Q de¬ 
creased. By measuring this change in Q it was possible to calcu¬ 
late the dielectric constant of the substance introduced into the 
resonator. In practice, it was found that a suitable change in Q 
is obtained if the electrolytic solution is introduced into a capillary 
fixed axially in the cylindrical wave guide resonator. The value 
of Q was obtained by measuring the resonance curve (c/. Fig. 83b). 

^ H. Hexlmann and M. Zahn, Ann, Phynk, 1D26, Bl, 711, etc. P. Waijjen 
et al., Z. phyinkal. Chm., 1D27,12B, BBB, etc. M. T. Drake, G. W. Pierce and M. 
TpDuw, Phys, /Zee., 1930, 35, 013. Deyoto, Gazz. ebim. iUd., 1981, 61, 783. IS. 
Plotze, Ann, Physik, 1933, 18, 5, 238. J. G. Malone, A. L. Ferguson and L. 
O. Cars, J. Chem. Phyz,, 1933, 1, 386, 842. M. Rover, Ann. Phytiik, 1934, 81, 820. 
■ W. Jackson, Faraday Sac. 1940, 48A, 91. Papers on pp. 101 to 

109 in Faraday Sac, JHceaman on ZMofaefnos, 1940, 48 A. F. Horner, T. A. Taylor, 
R. Dunsmuir, T, Lamb and W. Jackson, J, Inti. Eke. Eng., 1940, 93, part. Ill, 58. 
" J. B. Hasted, D. M. Ritson, and C. H. Collie, J. Chem, Phya., 1948, 16, 1. 
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The authors claim that the dielectric constant obtained is accu¬ 
rate to Rrithin about 4%. Within this accuracy no deviation from 
the dielectric constant of pure water was observed until the 
solution became more concentrated than 0-5N. This is in agree¬ 
ment with the small change found in the dielectric constant in 
some of the measurements made by the methods described above 
which appear satisfactory up to O-OIAT. Thus, measurements using 
centimetre waves are available only for solutions more concen¬ 
trated than O-SN. Consequently, no direct comparison is possible 
with other methods, and no reliable results are available for the 
region 0-01 - 0-5^. 

(e) Force methods 

The dielectric constant of a medium may be obtained directly 
by measuring the force between two known charges immersed in 
the medium and using CoirLOiin’s law, 

P = -^. (20) 

B T 

Since this relation docs not depend on the conductance of the 
medium, this type of measurement should be particularly suitable 
for electrolytic solutions. 

The most used method is based on the deflection of a small 
conducting ellipsoid suspended between two plates across which 
a low frequency alternating potential difference is applied. The 
deflection is measured by means of a mirror attached to the 
suspension (c/. the mirror galvanometer). The theory of the 
method was developed by Fubtu ^ who showed that the deflecting 
force is given by 

D = A E* , (21) 

where A contains constants characteristic of the apparatus, ^ is 
the mean value of the square of the potential difference across 
the plates, and 0 is the angle between the major axis of the 
ellipsoid and the lines of force of the applied field. Other workers * 

> R. F^th, Z. Phytik, 1P24, 88, DB. 

' R. Fecbold, ^nn.PAynfc, 1027,13,427. O. UnjCKAandA. Si.AiiA,iW(l.,1881, 
13, 5, 663. W. OBTBifANN, ibid., 1081, 8, 5, 587. G. Fibciikb and W. 1). Sciior- 
mu), arid., 1086, 85, 450. W. J. Siiutt a al., Tnaw. Fttradag Soc., 1084, 36, 
008, iUd., 1086, 34, 468. Proe. Boy. Soc. A., 1040, 175, 884. 
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have developed the method for use in electrolytic solutions using 
frequencies between 50 and 10* c.p.s. The limiting factor at high 
electrolyte concentrations is the Joule heating effect and the 
highest concentration at which measurements have been made is 
O'l^. Accurate results arc, however, difficult to obtain using 
Fuetu’s method and the results do not compare well with those 
obtained by the other methods. 

A second force method, in which the force between two plates 
immersed in a dielectric was compared with that between two 
plates in a standard dielectric, was developed by Cabman K The 
results obtained were unsatisfactory owing to the heating of the 
solution, although the method appears promising for electrolytic 
solutions. 

(ii) Dipole Moment from Dielectric Constant * (III - 7) 

In order to obtain the dipole moment from dicleetric eonstant 
measurements it is necessary to separate the orientation polari¬ 
sation from the other contributions to the total polarisation (see 
III • 7, equation 86). 

(a) The Tcfractivity method 

At very high frequencies ( > 10^^ c.p.s.) the applied field changes 
direction so rapidly that the dipoles have insufficient time to 
orient with the field. Consequently the contribution of the 
orientation polarisation to the total polarisation becomes zero. 
If the dielectric constant were measured under these conditions 
the total polarisation at about 10^^ c.p.s. could be compared with 
that at low frequencies, the difference between the two being the 
orientation polarisation. However, measurements in this frequen¬ 
cy range are experimentally very difficult. At even higher fre¬ 
quencies (>16^ c.p.s.) the contribution of the atomic polari¬ 
sation also becomes zero for the same reason. These frequencies 

* A. P. Carman, Phyi. Reo., 1024, 84, 806; 1027, 31, 024. C. C. Schmidt, ibid., 
1027, 30, 026. 

' C. P. Smtth, DiekeMe Cnubm/and Afofecufair fimetUK, Chem. CBtaloi;. Co, New 
York, 1081. P. Debye, Dipok Moment end Chemical Struetun, Blackie, lAmdiin, 
1081. U. J. W. Le Fbyre, Dipok Momcnti, Mrthiieii, London, 1088. C. P. Smyth, 
in A. Weisbbbbobr, Phf/iieidMethods of Org, Chem., Intendencc, New York, 1040, 
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are in the visible region, and the dielectric constant due to elec¬ 
tronic polarisation of a medium may be readily obtained from 
its refractive index (n) using a relation due to Maxwell, 

« = n*. (22) 

In order to evaluate the electronic polariaation the static dielectric 
constant is required and is obtained by extrapolation to infinite 
wavelength (t.e. zero frequency) of a series of measurements of 
the refractive index in the visible region. After subtracting this 
result from the total polarisation, the remainder is the sum of the 
orientation and atomic polarisations. 

Owing to the experimental difficulties in the frequency range 
10“ -10“ c.p.s. the atomic polarisaiion cannot be measured and 
it is often taken to be a constant small fraction (5 -15%) of the 
electronic polarisation. However the extrapolation of the refract¬ 
ive index to infinite wavelength leads to a correction of the same 
order as that due to the atomic polarisation but opposite in sign. 
For this reason the refractive index obtained using the sodium D 
Une is often used directly fur the calculation of the polarisation, 
the result being assumed to include the contributions of both the 
electronic and the atomie polarisation. This is then subtracted 
from the total polarisation, calculated from low frequency measure¬ 
ments, to obtain the orientation polarisation. 

(b) The temperature method 

From Equation (III - 86) it may be seen that only the orientation 
polarisation is dependent on temperature. By making measure¬ 
ments of the dielectric constant at various temperatures and plot¬ 
ting total polarisation against 1/T, the dipole moment can be 
obtained from the .slope of the line {in N k). 

(c) JBtaCi method'’ 

The orientation polarigation may abo be evaluated approximately with tlic aid 
of uieasuiementB in the wlid state, in which, owing to the rigid lattice, the contri¬ 
bution of this term will be very small. The total polarisation obtained under these 
conditions may thus be taken as the sum of the electronic and atomic contributions. 
Using this value together with measurements in the gas state at the same temper¬ 
ature, the dipole moment may be evaluated as in the refraetivity method. 

1 L. Ebebt, Z. phyaikid. Chem., 1P24,113, 1. 
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(ui) Dipole Momenta of Svbatances in SotuiUm 

The derivation of the Dkiiye (equation III, 36) is made anumini; that the 
molecules are distributed randomly in the absence of an applied field, or that 
interaction between tlie molecules can be iief^lectcd. This condition is fiilfiiled 
for gaaes at low pressure only, but in practice it is found that the equation can be 
used for dilute solutions of /Jolor molccuUa in non-polar solvents. The total molecular 
polarisation is an additive property, and that of the solute may be found ftom the 
difference between that of the solution and that of the pure solvent. The actual 
measurement is, Imwever, not as simple as this because of the temlcncy for the 
association of dipoles which may increase or, more usually, decrease the apparent 
moment (see Chapter III). Association is not important for a non-polar solvent, 
and may be eliminated for the solute by extrapolatin^T tlie apparent total polarisation 
to infinite dilution. The dipole moment is tlien calcukited by one of the methods 
described above. 

(iv) Melhoda for ihe Determination of Dipole Momenta not Depending on 
Dielectric Conatant 

Tlic following methods, though less accurate than those no far drspribed, provide 
valuable confirmatory results, because they are loiniplctely independent of tlie 
above mcthoils. 

(a) If a field is applied jienx^ndicuiurly to a fleam of polar tnolerules travelling 
through a vacuum the beam is broadened in proportion to the dipole moments of the 
molecules (r/. the Stehn-Gkklacii ex|ieriment ^). Only semi-quuntitative results 
have been obtained and tlie method is experimentally diffinilt K 

(b) If a field E is applied to a volume of a gas, tlie gas decreases in volume 
by A V due to eleciroalriciion according to the equation, 

( /»' \ 

F, 2 if a kT) ■ 

The method is difficult because of the small volume eluinges involved (liT* cc.*) 

(c) Debyr * showed that tlic abaorpiion of furrgg by a tlielretric is proportional 
to the square of tlic dipole moment of the iiiulccules tlierein. Thus, tlie moment 
could be calculated from the heating effect of a high frequency a.c. 


5. Optical Methods (W - 4). 

The important application of spectrophotometry to the deter¬ 
mination of true dissociation constants was discussed in section 

^ 0. SiEHN and W. Gehlacii, Z. Phyaik, 1021, 1, 240. 

* I. Estehmann in P. Debye, ref. 42. R. Fjiazer, Molamlar Kaya, Cambridge, 
1081. H. Frazer, Afotoiior Hearns, Methuen, London, 1087. 

■ 0. E. Frivolu, Phyaikal. Z., 1021, 28, 003. 

* P. Debye, Trims. Fafoday Hoe., 1084, 36, 080. 
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IV-4. The fundamental measurement involved is that of the 
intensity of light. Absolute measurements of intensity of light 
are difficult, and all practical methods depend on the comparison 
of two intensities; they differ in the type of spectra used and in 
the method of comparison. 

(i) Absorption Spectra ^ 

For the absoltUe measurement of extinction coefficients mono¬ 
chromatic light must be used; a close approximation to this is 
obtained by using a spectrograph with a narrow slit and high 
dispersion, or more satisfactorily by using a line source and a 
monochromator. By varying the wavelength of the light a complete 
absorption cun'c for a region of the spectrum can be obtained for 
each concentration of the solution. If the system being studied is 
a simple ion-undissociated molecule equilibrium, change in the 
total concentration causes no shift of the absorption bands but only 
a change in intensity due to the relative change of concentration of 
the two absorbing components {cf. equation IV * 20). At one par¬ 
ticular wavelength the extinction coefficient remains constant i.e. 
all the curves of extinction coefficient against wavelength cross at 
the same point which is called the isosbestic point. It can be shown 
that the existence of an i.so.sbcstic point provides a criterion for 
an equilibrium of this type. 

The spectrophotometric measurements most often employed 
are those in which a band of light {i.e. only approximately mono- 
cliromatic light) is used; a relative extinction coefficient is thus 
obtained which is a mean value for this range of wavelength. 
When the range of wavelengths used approaehes that of the whole 
visible spectrum the method is termed colorimetry. 

In all modern methods of absorption spectrophotometry the 

* T. U. P. Gibb, Opticat Methods of Chemieal Antdysis; McGraw-Hill. New York, 
1B42. W. R. Bbodr, ChmieolSpectroseopyiV/iley, NewYork,lQ43. R. K. Burk 
and 0. GauMMiTp Majw ImiriimtnlM of Seimer. and their AppUcaHon fo Chemigtfy; 
Intencienoe. New York, 1D45. W. Wkst, in A, Wkibbbeboer, Physical Methods 
of Organic Chemistryt IntcTwienee, New York, 1U40. E. A. Braude, Ann, Repo 
Chan. Soc., 1945,42, lOB. G. KortOm, KoUnimetrie und Spektrdphalomcine, 2nd, 
edition; Heidelbei^, 1948. G. F. Lothian, AbsorpHon Spectrophotamelry; Hilger and 
WattH, London, 1949. 
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light from the source is split by an optical system into two 
beams one of which is passed through a cell containing the 
solution with an unknown concentration of the substance under 
investigation, the other may pass either directly to the measuring 
instrument, or through a solution of the same substance at a 
known concentration or through a variable iris diaphragm, a 
rotating sector, a wedge shaped block of grey glass, a filter or 
other optical device to vary the intensity of the beam by a known 
amount. The measuring instrument may be the eye, a photo¬ 
graphic plate or a photocell. Visual methods depend on the 
adjustment of the intensity of the second beam until it is equal 
to that of the first; the standard solution, rotating sector and iris 
diaphragm are particularly suitable. The use of a standard solution 
for comparison is preferable to that of optical and mechanical 
devices * because the same substance is reducing the intensity 
of both beams, i.e. the mean extinction coefficients of both 
are equal, and the measurements are independent of the nature 
of the light used. The maximum accuracy obtainable by visual 
methods is about 0-5% of the measured extinction. 

The same type of comparison can be accomplished photo¬ 
graphically by observing points of equal blackening on the same 
plate, which correspond to light of equal intensity. The grey wedge 
is particularly suitable for use with a photographic method because 
the light transmitted has a range of intensities corresponding to 
the varying thickness of the wedge. A cell with a length varying 
in steps (Echelon cell) containing .standard solution may be used 
in a similar manner. In a more difficult absolute method the 
inten.sitics of two beams arc compared directly by measuring the 
densities of the images produced on a photographic plate, using 
a microdensitometer. In this instrument a powerful narrow beam 
of light is projected through the plate, and the intensity of the 
transmitted light measured by means of a photoelectric cell. The 
recording may be manual, but automatic instruments arc also in 
use, in which the movement of the photograpliic plate is synchro- 

' V. Henri, PhytikaL Z., 1918, 14, 515. G. Sciieibe, F. May and H. Fischer, 
Ber., 1024,67, 1381. F. Twyman, Tram. Opt. Sac., 1931/2,33,1. H. t. IIalban, 
G. KortCm nnd B. SiUGETi, Z. EUctroehem., 1036, 42, 028. 

* G. KdhtOm and J. Grambow, Z, angeai. Chen., 1040, 63, 138. 
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nised with the movement of the strip on which the intensities 
are recorded. 

In photoelectric photometry the eye is replaced as a measuring 
instrument by the photocell. The principle of the measurement 
remains the same, but the accuracy increases to 0'01% of the 
measured extinction if the conditions are controlled The in¬ 
creased accuracy is due to the fact that the photocell reacts to 
the absolute difference of intensity dZ whereas the eye is sensitive 
only to the relative difference of intensity d///. The most accurate 
results are obtained by using two photocells, one in each beam 
connected in a balanced circuit; equal intensity is indicated 
by a null deflection of an electrometer or valve voltmeter. 
This method eliminates the effect of variations of the light 
source. Alkali photocells of the gas-fillcd type arc used because 
of their high sensitivity, but they are difficult to use experi¬ 
mentally * 

Colorimetric methods are essentially the same but a much 
broader band of light is employed; a standard comparison so¬ 
lution is always used and the nature of the light used is not im¬ 
portant. Photoelectric colorimetry can be simply carried out by 
titrating one solution with solvent until its extinction becomes 
equal to that of the other 


(ii) Fluorescence Measurements* 

The dissociation constants of fluorescent electrolytes can be 
obtained from fluorescence measurements. These do not differ 
from absorption spectra measurements in practical details, but 
only in the nature of the source of the observed light. In 
measurements of dissociation constants it is important to keep 

* G. KurtOm and II. v. 11 ai.han, Z. phyrik, Chem, (A), 1094, 171, 212; (B), 1088, 
33,248. 

* G. Kcir-i-Cm, Z. meav. Chm., 1041, 54, 442; Chan. Ttehmik, 1042, 15, 167. 

* A. lliNaBOM,Z. onolyf. Chan., 1088,115, 883,402; 1080, 116, 104. G. KoutOm 
and H. SciiOi’iiiER, Z. angoB. Chan., 1040, 61, 204. 

* J. A. Hadley and 1. Grant, Flwrracaue Analysis, 8id. edition; Chapman and 
Tinii, London, 1880. P. PniNosnEUi and M. Vooel, fAtnineseaiee; Intencienoe, 
Now York, 1048. 
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the total concentration less than that in which "concentration 
quenching” occurs (at high concentrations the molecules begin 
to lose energy by collision more rapidly than by fluorescence, 
and the intensity of fluorescence is no longer proportional to 
the concentration). 


(iii) Raman Spectra^ 

For some electrolytes the extinction coefficients of the ions and 
of the molecule are insufficiently specific to enable an accurate 

calculation of the 
true dissociation 
constant. For 
some of these the 
Raman spectra 
provide an al¬ 
ternative method. 
The essential 
principle of com¬ 
paring intensities 
of Raman lines 
is the same as 
that used in ab¬ 
sorption spectro¬ 
photometry and 
a comparison so¬ 
lution is always 
used for accurate 
results ■. Since the Raman spectrum consists of scattered light 
it has a low intensity. Therefore, a high intensity line source with 
no continuous emission is necessary, together with a spectrograph 

‘ G. B. B, M. SoTHKRUioi, Infra Red and Raman Sptetra; Methuen, London, 
1086. J. H. lliBBEN, The Raman S^ect and iti Chemical ApplieaHmr, Heinhold, 
New York, IBSS. R. E. Buiuc ond Giidmmit, ref. 1 p. 55S, 

' 0. Hbdlich and R. Robenteld, Monabih., 1086, 87, 228; R. Daimon, Compt. 
tend., 18M, 211, 4T2; 0. Reduce and J. Bioeleirrn, J. Am. Chem. Soe., 1048, 
86, 1888; O. Reulicb, E. K. Holt and J. Bioeleiben, ibid., 1944, 88, 18; E. 
Baiter andM. Maoat, Mdm. Sen. CMm. I'Elat, 1D44, 81, 118,171; 0. Reduce, 
Chem. An., 1046,30,888; J. CudoiM and S. FenAant, Compt. rend., 1047,824,1424. 
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Figf. 97. Raman r.cll aiid illuininutfir 

11 = cllipto-c^lindrica] refliN^tor. 

C = Kahan ceU blackeni'd on shaded luirts. 

L = gloss tube for liquid filter (e.g., sodium nitrated 
solution). 

F = glass filter to supplement L for isnlatioii of 
■ingle line. 

H = mercury vapor arc in air-coulcd box. 

S = Bpectrograph. 
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of large aperture A high dispersion is also necessary to separate 
the Raman spectrum from the exciting line. Maxim um intensity 
of the scattered light relative to that of the exciting light is obtained 
at right angles to tlie latter, so that an apparatus similar to tliat 
shown in Fig, 97 is used. The arc source (H) (usually a quartz 
mercury arc) is contained in a metal box with a slit in the lid. 
Above this are placed suitable filters (F) for isolating the required 
line, one of which is a glass tube containing liquid (L), acting as 
a cylindrical lens which focusses the beam at the centre of the 
Raman tube (C). The latter is cylindrical and has the end 
remote from the spectrograph drawn out and blackened to 
prevent reflections from the glass entering the spectrograph. 
The other end has a black iris diaphragm. On the upper surface 
of the tube is pLaced a hemicylindrical piece of aluminium 
foil (R) to reflect light back into the tube. In order that glass 
optical systems may be used the light employed is usually in 
the visible range. Owing to the low intensity of Raman lines the 
method is difficult exprrimcntnlly and is loss accurate than 
that of absorption spectrophotometry. 


6. Ionic Migration 

(i) Conductance of Electrolytic Solutions * 

(a) Electrical circuit (I - 3, VI) 

A.S mentioned in Chapter I, it is necessary to use an a.c. bridge 
method for the measurement of the conductivity of electrolytes 
in order to eliminate the effeert of polarisation at the electrodes. 
The chief difficulty encountered in the application of the altemating 
current bridge to accurate conductance measurements is the ambi¬ 
guity as to the quantity which is measured. This arises as a result 

• J. H. Niklskn, J. Opt. Soe. Am., 10.10,20,701. D. II. IUnk, B. T. Pkihteh und 
P. D. CouiMAN, ibid., 1042, 32, 3D0; 194.1, 33, 81. H. F. Stamm, Ind. Eng. Chm. 
(Amd. Ed.), 1045, 17, 818. 

' C. W. Davus, CondiM(fDift/[o/ Solutions, Cfaapiniin and Hall, I/indon, 1080; L. 
Ebrht, Hmdbuch der Experimmkdphysik, 1082, 12, 1; J. Rkilly and W. N. Rae, 
Physico-Chemiad msihods, 2nd. Edition, Methuen, London, 1083; T. Siieolovsiiy, 
in A. WEiBBBRnoEB, Physical Methods of Org. Chan., Intendence, New York, 1040. 



560 


EXPERIMENTAL METHODS 


XIII 


of "stray coupling” between different parts of the bridge circuit, 
which allows the passage of the alternating current through 
undcsired paths \ Inductive {electromagnetic) coupling may occur 
between the oscillator and the detector causing some a.c, to pass 
directly from the oscillator to the detector thus vitiating the 
balance of the bridge. Similarly, capaeiiative {ekclroatatie) coupling 
mutually between parts of the bridge circuit and between the 
bridge circuit and surrounding objects, effectively causes the 
introduction of capacities into different parts of the circuit and 
leads to an erroneous position of balance. 

The first itep in eliminating such effects is to moke them mon! accurately defined, 
i.f. to dimiiiute variable cffcetii due, for example, to oouplinf^ between riinvable 
obj(H!t8 such as the operator. For example, the arms of the bridjp; may lie in- 

diviilually screened. This may nut reduce 
tlie briilfrp —(‘arth capacdtancc but it iiiukea 
it a more definite quantity. Eleetro- 
ina^ctic iiitcraetion may be reduced by 
shielding witli a material of hifrh permea¬ 
bility which intercepts the nui{,metii: lines 
of force, or, more simply, by separatjiiii; the 
components with liij;h iiiiluiliuiues; r.^. tlie 
oscillator may conveniently be plucx^d at 
a distance from the remainder of tlie 
brid^. The most common and saLisfactory 
method of eliminating; earth eapacitunce 
effects is that known as tlie Wfignfr earth 
The use of tills devire niay be illustrated 
for a simple bridge A B C 11 (Fig. U6). 
If tlie bridge is balanced in the normal 
way, it is assumed that tlie absence of 
current through the detecting instniment 
indicates that the romers of the brirlge 
to which it is coiiiieeted (C11) are at tlie 
same |N)tential. This assuiiiptioii will not 
lie valid if there is coupling between tlie 
coiiiicetions to the detei^ir, or between 
C and 11 and earth, since some of the 
current wliicli sliuuld flow through tlie de¬ 
tector will then leak around it and a false balance will be obtained. An example 
of such coupling is the electrostatic coupling between lieadplioiics and an cartlicd 

^ B. 1-Cauur, i4.C. Brit^ Methods, Fitman, London, 1B47. 

> K.W,Wagneb, Elek. Z., IDll, 32, 1001. 
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observer. If an amiliaiy network Z, Z, is included, all earth e» pii«it»nnf may 
be diminated. The bridge is first balanced with the switch in positinn D then with 
it in position E; these operations being repeated until perfect buhmee is obtained 
in the two networks, i.e. Zj, Z,, Z^ Zt and Z,, Z,, Z,, Z,. It may then be readily 
seen that the points C and D ate at the same potential as E,nanidy earth potential, 
so that no current con flow from C and D through earth capadtonces to any 
neighbouring body. Also, any earth capacitances from tlie points A and B are ef¬ 
fectively connected in parallel with Z, and Z, respectively when the switch is in 
position D and ate thus removed from the main bridge circuit The diief diffi¬ 
culty of the device is the rate of convergence of the two readings to perfect 
balance (which is more rapid the better tlic design of the bridge). A complete theory 
of earthing devices for bridges was given by Oo&wa *. 


The resistors used 
for bridges must 
be wound non-in- 
ductivcly in order 
that they approxi¬ 
mate closely to pure 
re.sistanees. The 
variable condensers 
used arc usually of 
low capacity, about 
100 p.f. • They must 
be of good quality, 
but need not be 
precision standard 
condensers. 

The power source 
in modem work is 
a valve oscillator 
producing a pure 
sine wave. The fre¬ 
quency used is 
about 1000 e.p.s. 
which is sufficiently 
high to eliminate 


% // I 
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Cp- 15 „ 
Cj- 25 „ 
C4-Je5 „ 
Rf- 40 0/iAJ 

Rr 2 H 


iliaiimWi 


Fiff, 99. Modem conductance bridge 
iieprodueed fkniu J, Am, Chem. Soc., 1940, OS, 90 


* 1 p.f. fpicofarod) = ICT’* farads. 

^ K. OoAWA, Lab, Min, Comm., Tokyo, Res. 1929, No. 254, p. 1; 1980, No. 
227, p. 1. See also, A. V. Astin, Bureau Side. J, Res., 1988, 81, 426. 
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polarisation at the electrodes; hi^er frequencies would lead to an 
increased effect of stray capacitances since a capacitative im¬ 
pedance decreases with increase of frequency [Equation (8) ]. A 
variable frequency is useful since the bridge may be checked by 
means of measurements at different frequencies. The elimination 
of polarisation may be confirmed if the conductivity does not 
vary with frequency. 

The most satisfactory detector for these frequencies is the ear¬ 
phone, usually combined with a simple valve amplifier (see page 
580). For greater sensitivity, an acceptor tuned circuit may be 
included in the amplifier since this selects the required frequency, 
and tends to eliminate other frequencies which might interfere 
with the estimation of the position of minimum sound 

Bridges useful for accurate measurement of the conductance 
of solutions have been described by Jones and Josephs and by 
Shedlovsky *. A typical modem modification is that of Luder * 
(Fig. 99). This bridge has an almost constant sensitivity over a 
range of measurement from 10* to 2.10* ohms. 

In tliifl appamtUB the a.e. woa Bupplied by a degencratively tuned oscillator in which 
the harmonic content may be readily reduced to the order of 0*1 %. A two stnf^ ampli¬ 
fier and telephones were used for detection. This permitted an adjustment to Imliince 
of one or two parts f)cr million in a quiet mom. Fur greater sensitivity a three stage 
amplifier was used, but it was necessary to include a simple tuned eimuit in the 
final stage to eliminate noise due to the valves. Using this circuit no mains hum 
or harmonics could be detected. 

When the resistance of the unknown becomes greater than about 
10* ohm the bridge method becomes insensitive, and a direct 
method appears to be the only one possible. It consists essentially 
in measuring the current passed through the cell when a known 
potential difference exists across it. At such high resistances the 
current passed is extremely small, and the polarisation at plati¬ 
nised platinum electrodes becomes negligibly small in comparison 
with the ohmic drop across the solution. This method was used 
by Fuoss and Kraus * who applied a potential of 150 v. across 

^ D. J. G. Ives and R. W. Pittman, Trafu. Faraday Soc., 1D4H, 44, 044. 

* G. Jones and U. C. Josephs, J. Am. Chan. Sac., 192B, ElO, 1049. T. Sued- 
LOVSKY, ibid., 1980, BS, 1798. 

■ W. F. Luder, ibid., 1040, 88, 89. 

« R.M.FuuBBandC.A.KRAUS,iM.,lB8d,56,21; R.M.Fuoss,Ond., 1988, 80, 451. 
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a cell in series with a galvanometer of mRTimnni sensitivity 
4.10~"* amp./cm. Thus, with a cell of cell constant 0*02 a liquid 
of specific conductance of 5 ■ 10~” mho cm.~^ could be investi¬ 
gated. At resistances of about 100,000 ohms, these authors found 
that results obtained using the d.c. method agreed to within 1 % 
of those obtained using the b.c. bridge method (c/. Bent and 
Doefuan ^). 

Some measurements have also been made using so-called 
“non-polarisable" electrodes such as AgjAgCl and HglHgiSOi', 
although these electrodes are polarisable to some extent. After 
subtraction of the back c.m.f. of the cell from the applied 
e.m.f., the conductance of the solutions obtained was in good 
agreement with that from the normal a.c. method. This method 
is limited to use with electrolytes which take part in the electrode 
reaction. 

(b) The conductance cell 

The main requirements for a conductance cell are that it should 
be of a relatively insoluble glass {e.g. Pyrex or Hysil), the 
electrodes should be rigidly supported and the cell constant 
should be such that, fertile solutions to be used, the cell resistance 
will be from 10’ -10* ohms. If the cell resistance is lower, 
errors due to polarisation tend to increase because of the 
higher current passing through the cell. If the resistance is high, 
the current leakages in the insulation become significant. It is 
also important that the electrode leads, and any filling tubes 
containing solution, should be separated from each other as 
far as possible to reduce the electrostatic coupling between them 
(c/. the equivalent electrical circuits shown in Fig. 100). 

Cells of the pipette type were found by Parker ' to exhibit 
a variation of the cell constant nnth the resistivity of the solution 
used {The “Parker Effect”). Jones and Bollinger * showed that 

’ H. £. Bent and M. Doiifman, ibid,, 1085, 57, 1024. 

* J. N. Brbnsted and R. F. Nielson, Trans. Faraday Soc.^ 1085, 31, 1478. 
L. V. Andrews and W. E. Martin, J. Am. Chm. Soc., 1936, tt0| BTl. 

” H. C. Parker, ibid., 1928,45,13GG, 2017. See also: M. Randall and G. N. Scott, 
ibid., 1927, 49, G3G. F. A. Smith, ibid., 1927, 49, 21G7. 

* G. Jones and D. M. Bolungeu, ibid., 1931, 53, 411. 
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Fifv. 1UU. Krrors in coiiclurtance cellia. Uepmdueed respcctivrly fniiii A-Wicissherger, 
Phyncal MeUiuds oj Organic Chmixtryf 1st ed., Vul. II (Iiitfrisnicncii, New York, 
11I4H) and from J. Am, Chm, Soc,, 10:U, 5.1, 481 


this 'was due to stray coupling between the cell and the filling 
tubes. Modem conductance eeUe (Fig. 101) are based on designs by 
Jones and Bollinoeb (a) (for highly conducting solutions) 
and by Shedlotsky (b) (for poorly conducting solutions such 
as protein solutions). 

The electrodes are of stout platinum and are usually platinised 
to reduce polarisation. A velvety black coating suitable for this 
is obtained by using a platinising solution containing about S% 
chloroplatinic acid and about 0-02% lead acetate. After cleaning 
the cell, e.g. with aqua regia, and washing, the solution is intro¬ 
duced into the cell and platinisation carried out, using an c.in.f. 
of about 4 V. which is reversed every minute until a thick coating 
is obtained. 

For dilute solutions the polarisation is less significant, and since 
absorption of the electrolyte by the finely divided platinum may 
appreciably alter the concentration, it is necessary to use grey 
platinum electrodes. These are produced by heating platinised 
electrodes to a dull redness. These electrodes may also be used 
for solutions (especially non-aqueous solutions) containing sub- 
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stances which decompose in the presence of platinum black, 
although it may be necessary to use smooth platinum electrodes. 
With the latter, polarisation 

effects may be eliminated by v / 


making measurements at various 
frequencies and extrapolating 
to infinite frequency. A plot 
of resistance against the re¬ 
ciprocal of the square of the 
frequency is used for this extra¬ 


polation 


( 0 ) 



(b) 

Fig. 101. Modern oonductanue c«11s. Reproduced from A. \Vici8SBi:KfSEK, PAj/vtco/ 
Methods of Organie Chemulry, lift cd., Vol. IT (InteTOciciict;, New York, 1048) 

^ W. A. Tayloh arid S. F, Achee, J. Am, Chm. Soc., IDIG, 311, 2415, 
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(c) Temperature control 

The degree of temperature control necessary depends on the 
precision required of the conductance measurements. For accu¬ 
racies of the order of 1 in 10* control within 0-01 "C. is necessary. 
Oil Uunnoatata are preferred to those containing water because 
the lower conductance and dielectric constant of the oil enables 
the magnitude of leak currents through the bath to be reduced. 

(d) Preparation of mater for conductance measurements 

Stills for the production of pure water are generally made from 
quartz, block tin or pyrex glass, and well seasoned. Water is 
distiUed from alkaline permanganate solution to oxidise traces 
of organic matter; and if air is not excluded, the distillate con¬ 
tains carbon dioxide This water is called equilibrium water and 
has a specific conductivity of about 10"* mho cm.~^ at 16 °C. 
By exclusion of atmospheric carbon dioxide the conduetivity 
of the water can be readily reduced to about 6.10"* mho 
cm.~^ at 18 °C., i.e. conductance water. Stills for the production 
of conductance water have been described by Khauss and 
Dexter, Vogel and Jeffery, Tuiessen and Herrmann ^ (inter 
alios). The carbon dioxide content may be reduced by distilling in 
a current of carbon dioxide free air and by fractionally condensing 
the steam, the first fraction being virtuaUy carbon dioxide free. * 

(ii) Conductance under Limiting CondUions 
of Field Strengtii and Frequency 

(a) Conductance under condiHofis of high field strength * (V • 4) 
The principal difficulty in these measurements is the large 

* Kohlrausgu and IIeydweileii * redistilled water 43 times under reduced 
pressure in apparatus seasoned for ten yean in wat^r, and obtained water of 
conductivity 4'l.lQrs mho cm at 18 °C. 

1 C, A. Kaaus and W. B. Dexter,.7. Am, Chem, Soc., 1022, 44, 2408. A. I. Voqel 
and G. H. Jeffehy, J. Chan, Soc., 1021,1201. P. A. Tuiessen and K. IlKnnMANN, 
Z. EUsktrochan., 1037, 43, 00. 

' F. KoHLRAUSen and A. Huydweiler, WM, Ann,, 1804, 53, 284, Z. j^ysikal, 
Chan., 1804, li, 817. 

* H. Falkkniiaoen, Ekctrolyies, Oxford, 1034. H. C. F<ckstboh and C. Scumel- 
ZEa, Chan, Rev,, 1080, 24, 807. 
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Joule heoting effect in the solution. This has been overcome by 
the use of a high field of very short duration (t.r by a d.c. pulse 
method). The magnitude of the heating effect may be realised 
by considering that the rise in temperature, when a field of 10* 
v./cm. is applied for 10"* sec. to a solution of specific conductance 
10~* mho, is about 0*24 "C (assuming the solution to have unit 
specific heat and density). 

Ideally, a square pulse is desirable, i.e. the field strength should 
reach its maximum value 
instantaneously and de¬ 
cay to zero instantane¬ 
ously (fullhne in Fig, 102). 

In practice, however, both 
the build up and decay re¬ 
quire a finite time and the 
field strength varies con¬ 
tinuously with time (dot¬ 
ted line in Fig. 102). The 
mean field strength must 
then be calculated by inte¬ 
gration. The pulse is usu¬ 
ally produced by charging 
a condenser with the cur¬ 
rent induced in the second¬ 
ary binding of an induction 
coil when the primary 
circuit is opened, until the condenser discharges across a spark 
gap. This is known as the single spark method. 

Ill tiie oriainul mcthoil of WiicN the niRBU cuirent pwiMil during a palM! in 
B circuit consisting of a condenser, an inductaiicp, a spark gap and n resistance 
(Fig. 103) was compared with that ]Niwicd under the same eonditinns except that 
the resistance was rcfilaKd by a conductance cell. The current was determined 
by measuring the heating effect of the current induced in a circuit coupled to 
tile main cinmit. The field strength eoidd be varied liy adjusting the length of 
tlie spark gap. 

Field strengths of up to 5-10* v./cm. were obtained, and tiie results were accurate, 
toalmut ±l%,TheinaecurBry was mainly due to the irrcprodiicibility of the spark 



Fig. 102. Ideal pulse mid actual form of 
pulse nlituincd. Repniduccd ftoin II. Fal- 
KKNiiARiEN, Eleelrolylet, transl, by It. 1’. 

(The t'lareiirbm Pnws, Oxford, 1US2) 


M. Wiiix, Am. Phytik, 1D84, 73, 101. 
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potential and the ocouiaGy «u improved to about 0'1% hy Halbch and Wnn 
vdio uaed a ctrouit enabling the compaiiron between the known and unknown 
lesiitanoee to be mode at the eauie time and not eonoecutively. The emential cinuit 
Rniilamr ftr nnprim (I) la the iome aB that 



.Jportw 


IHHI 

Capacity 



of the first method 
except thaL the two 
resistanoesi together 
witli couplingindiict- 
Couplinp rsrYi luices, ore connected 
in parallel. The cur- 
rentsflowinglhrough 
Ri and K| are com- 
pared using a tnrreffer 
bfidge (11). The pulse 
currents in the cir¬ 
cuits containing R| 


Fig. 103. Wien's first method * 


and R| arc each in¬ 
duced into barretter 


circuits. The latter consist of an inductance M for coupling, a large condenser K 
and a barretter lamp 0 (Malscu and Wien used ordinary incandescent laTn]M). The 
current in the bamtter circuit heats the filament of tlie lump and changes its 
resistance which is thus related to the intensity of the current flowing in it. These 
currents are confined to the barretter circuit by means of inductances (chokes), 
and the net resistance of the circuit may be measured using onlinary bridge uiethods. 
Malbch and Wien used a symmetrical bridge which was biilaiiced when equal 



'I' M 

Fig. 104. Wien's second method * 


* Reproduced from H. Falkenhaoen, Ekctrolytes, transl. by R. P. Bell (The 
Clarendon Press, Oxford, 1932). 

^ J. Malsch and M. Wien, ibid., 1927, 33, 805. 


6 


OSCILLOORAPHIC METHOD 


569 


currents were induced into the two buretter circuits. Tlie resistance Ki was 
adjusted until the bridge was balanced. Then, since equal currents were flowing 
through Ri and K„ the value of R, was equal to that of H|. It is tlius a null 
method and is consequently more accurate than the first method, 

Botli methods of Wien consist, essentially, in the measurement of the mean 
resistance of the solution during a very short pulse of electricity and the (mnrlation 
of this with a mean field strength. To calculate the latter, the wave form of the 
pulse must be known because the field strength acluolly changes continuously. The 
mean field strength may then be calculated by integrating the field strength over 
the time interval and dividing by the time interval. Investigations on tlie effect 
of high fiidd strength on conductance in non-aqueous solutions have more recently 
been carried out by Fuoss et al .A more conventional tyjie of bridge was used 
with which field strengths up to about 1-5.10* v./cni. were obtained. 

The laborious integration is avoided by an oscillographic method due to Fucks *, 
in whiidi the |iotential across tlie cell is directly compared with that across a known 
resistanee-caiiocity network. Fig. lO.'i. The actual curve of the variation of the 
potential difference across the cell with time is observed on the oscillograph screen 
and photographed. In this way, the potential difference across the cell and that across 
the standard C4ui be 
coiiipared at a given 
instant HO iliat instan¬ 
taneous values of tlie 
field strength and ixm- 
ductivity may be ob¬ 
tained, iliiiB avoiding 
the necessity for calcu¬ 
lating mean values. 

The incd;hod is, how¬ 
ever, less accurate 
than the single spark 
method be cause of 
errors In the mcasuie- 
iiient of tlie image on 
tile pliotograph, al¬ 
though the results eou- 
firni those obtained 
by Wien's method. 

(b) CmducUmce under conditioru of rapidly aUemating field 
The first, accurate results for the conductance of electrolytes 
measured with high frequency current* were obtained by Sack ei al. ' 

> R. M. Fuoss et al., J. Am. CAem. Sue., loao, 61,2047; 1D40, 6% 1720. 

■ W. Fucks, Atm. PAyiik, 1092, 12, 800. 

■ H. Sack et a., PAyeikal. Z., 1020, 30, 576. 



Fi;;, 105. Fucks' a.sriIlo^i])liic method. Reproduced from 
11. Faukkniiaokn, Elednljftes, tronsl. by R. P. Uull (The 
Clarendon PitKS, Oxford, 10il2) 
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using a reavnance method (Fig. 106). The h.f. oscUlator (6) is 
coupled to the untuned power circuit (I) by means of a variable 
inductor in order that the current flowing in circuit (I) may 
be varied. This current is measured by means of a thermo¬ 
element and galvanometer (II). High frequency osciUations are 
also induced in the resonance circuit (III) which contains the 
cell (C]). The current in this circuit is measured by circuit (IV) 
which is carefully arranged so that the energy picked up from 
circuit (I) is a minimum. 



Fiff. lOG. Sack's iiiRthod. Hcprodiici'd from H. FAT.KFNnAUF.N, Elfcirolyte^, transl. 
liy R. P. Bell (The Clarendon Press, Oxford, 11K12) 


At resonance the impedance of a circuit is equal to its resistance 
[cf. equation (12) ]. The resistance of circuit (III) may be obtained 
from measurements of the resonance current. The resistance 
measured in this way is the equivalent resistance (iZ,) in series 
with the capacitance of the circuit (acceptor circuit p. 524). It 
appears more correct to regard the cIcctrol}rtic resistance (/Z^) as 
being in parallel to the capacitance. It may thus be obtained 
from the relation. 


JZ.= 

or, as 01 is large, 

R,= 


Ry 

1-1-0)* Cp* 
1 

0)* C/ R. • 


[c/.(16)]; 


(24) 
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The method was used to compare the conductance of solutions 
at hi^ frequencies with that of a standard solution (KCl). Wien ^ 
has adapted the barretter method (described above) for the measur¬ 
ement of conductance at high frequencies by replacing the spark 
gap with a high frequency electronic generator. Other methods 
have been described by Deubnee * and Malsh 


(iii) Transport JVum&ers in Electrolytic Solutions (I - 8) 

(a) The Hittorf method* 

This method depends on the accurate determination of changes 
of concentration in the anolyte and the catholyte (c/. equation 
I - 72). In order that the changes of concentration set up during 
the electrolysis may not be obscured by mechanical or thermal 
mixing, it is necessary to reduce 
vibration and uneven heating of 
the cell to a minimum. 


Fiji'. 107 illuRtratefi a niodein cell used by 
McTnneh and Dulk The right angird 
iMndfl were inniuded to break up con¬ 
vection currents and led to a marked im¬ 
provement in results. The anode was 
placed higher than the cathode to reduce 
gravitational mixing consequent on the 
decrease of coiicciitrution (and hence 
of density) of the anolyte. 

The solution was carefully deoxygeiiuted 
to eiiRiire tliat no unwanted electrode 
process occurred. Tlie currtmt was ineus- 
iired using two couloiiicters in series with 
the cell, one on each side, so tliat leak cur¬ 
rents might be detected. At the coinplctinii 
of the experiment the stop-cocks were dosed 
and the solutions aimlyscdby a differential 
electrometric titration capable of an ac¬ 
curacy of about 0'003%. A test of the 



Fig. 107. Modern form of HrrronFcell. 
licprodiiced from ]\1 rInneb, Princi¬ 
ples of Electrochmistrif (lleiiihold, 
New York, 10»») 


^ M. Wien, Ann. Phyitik, 1D31,11, 42D. See also 0. Nekse, ibid., 1D81, B, D29. 

* A. Deubneh, Phyiiiktd. Z., 1029, 39, D49. 

’ J. Malbch, ibid,, 1982,12, B65. 

• H. Jaun, Z. Physikal. Chem,, 1900, 33, 545, E. W. Wasubuiin, J. Am. Chem. 
Soc., 1909, 31, 822, 

^ D. A. McInnes and M. Dole, J. Am. Chem. Soc., 1981, 53, 18.57. 
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TBlidity of each experiment ii that no change In ooneentration oceun in the oentre 
compartment, (tf. 1 - B). 

(b) The moving boundary method^ 

The condition for equality of the velocity of ions on either 
side of the boundary (c/. 1-8 Fig. 9), i.e. for the boundary 
to remain sharp, is 

fir 

— = — (Kohuuusch regulating function *) * (25) 

Cj; C/ 

where and arc the transport number and concentration 
of the ion being investigated (known as the leading ion) and nj 
and Cj are the corresponding quantities for the indicator ion. 
In practice, the concentration of the indicator solution adjacent 


* If Ui and Vi ore ttie inobililiL'S of tlio leading and indicator ions, respectively, 
then the actual velocities of these ions will be 


Ox = -T— Vi , and vi = 


Eg 


Vg 


E . 


where -j is the potential gradient in each homogeneous solution. 
Now, 


Id 1 
“ A 'cF{U-l-V') ' 


( 20 ) 


(27) 


where 1 is tlic current flowing tluough a cross-section of area A of the cell, x is the 
specific Gonduilivity and c the cciuivulent ionic concentration of the solution. 
17 and U* are the ionic mobilities and d is the length of the column of solution. 
From (20) and (27) 

^ Ug, JA_1 

di ' A ' e^PdhTvJn ’ 



Similarly, 

I 



For, 

Vl = Vi , 


!li. — !^L 

Cl Cl 


nx 

Cl 

. w/ 

cg 


(28) 

( 20 ) 


^ ttuiV \j. Chem. Reo., W, 111. 

* F. Kohlkaitscii, ilnn. Phyaik., 1808, 8S, 200. See also: L. G.Lonoswobtd, 
J. Am. Chem. Soc., 1030, S8, 1807. 
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to the boundary adjusts to the appropriate value during the 
electrolysis if the initial concentration is within ceirtain limits of 
the required value (approximately 10 - 20%). The required con¬ 
centration is calculated as accurately as possible using available 
data and equation (25); or is found experimentally by successive 
approximation. 


The fomaHtm of a sharp boundary is best Bccomplished by means of an apparatus 
designed by MacInnes and DniGiiTON ^ (Vig. lOB). The two sections (A, D) of the 
tube joining the two electrodes are each fixed into a horizontal glass plate. (B, C). 
These plates are ground accurately plane and placed together. After the two 
sections of the cell have been filled respectively with the leading and indicator 
solutions the gloss iilotes can be rotated so tlint the parts of the cell are Joined 
together. The two solutions arc sheared into contact forming a sharp horizontal 
iHiundary and Uie electrical circuit is thus completed. In a simpler apparatus used 



by Harti^y and Donaldson^ the 
boundary was formed in a capillary 
tube by removal of an air buhblt Be|)a- 
niting the two solutions. The simplest 
method of iHmndury formation is by 
using indicator ions produced from an 
anode initially in contact wiili the lead¬ 
ing solution (The aulogmic bomdary 


Apparafw 

fk 



Fig. lOD. Constant current 
device. Hcjirodumi from 


Fig. 108. Bloving lioundary cell. Repro- Trans. Faraday Soc.tlWt, 


Aueed from Chm. Ree., 11102, 11, IBl 


3:1, 400 


' D. A. MacInnes and T. B. BnionTim, J. Am. Cham. Soe., 1025, 47, 004. 

* G. S. Hartley and G. W. Donaldson, Trmut, FartuUxy Soc.^ 1037, 33, 457. 
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method)^. To emure a unifonn movement of the boundary, it Is necesaaiy 
that the production of the indicator ions should obey Faraday's laws; this limits 
the use of the method to those metals which form suitable anodes, e.g. Cd. 

The direcfion of movement of a boundary is always arranged so that tbe denser 
solution is below the less dense to reduce gravitational mixing. The boundary 
is conveniently lAuned by using a borizontal slit light source behind the graduated 
tube (see also ElectrophoTCBis, p. 502). 

A anuUmt current device is generally employed. MacInnes el al.^ used an 
elaborate mechanical regulator witli a photo electric cell circuit actuated by a 
minor galvanometer. Hartley and Donaldson (loc. ciL) used a simpler, electronic, 
circuit (Fig. lOD) which permitted a constaucy of 1 part in 51)0 for ciirrcnts of 0-5 
to 4 mA. If the current tends to increase, tlie potential difference across Rq in¬ 
creases and the control grid of the pentode becomes more negative causing a 
decrease in the current. Conversely, if the current tends to decrease, the potential 
difference across Ra decreases, the control grid becomes more positive and the 
cunent increases. 

One electrode compartment is completely enclosed and is filled 
with solution. The electrode is of a type at which no gas is pro¬ 
duced during electrolysis, e.g. the silver-silver chloride electrode 
(c/. section 7, p. 582). In this way the movement of the boundary 
is measured with respect to the walls of the cell. However, the 
transport number is defined using the velocity of the ions with 
respect to the solvent. To obtain the movement of the boundary 
with respect to the solvent, corrections must be made for the volume 
chmge at the electrode and the transport of water acToss the 
boundary (these include the corrections fur water transport 
analogous to those of the Hittokf method, Chap. I - 8). Lewis * 
showed that a volume AV mu.st be subtracted from the ob- 
ser\'ed volume swept out by the boundary when one Faraday 
is passed through the cell. This is given by 

( 80 ) 

where are the molal volumes of X, XB in the closed 

electrode X |XB, B~(e.g. Ag | AgCl, Cl); is the transport number 
of the leading ion and is the partial molar volume of the 
leading electrolyte AB in the solution used. 

' £. C. FBAincT.iM Dad H. P. Cady, J. Am. Chan. Sue., 1004,86,400. D. J. Le Roy 
and A. R. Goboon, J. Chan. Phyi., 1088, C, 8DB, etc. 

' D. A. MacInnes a al., J. Am. Chan. Soe., 1026, 46, 1004. 

■ G. N. Lewis, iUA, 1010, 38, B08. 
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According to Lonoswo&th the rCBults should also be conected 
for the specific condaeUmce of the sobmt. 


n 


mu. 




Violation / 


(81) 


(c) The e.m.f. meOiod 

The technique of preparing some reversible electrodes is de¬ 
scribed in section 7. Similar electrodes may be used in cells for 
the measurement of transport numbers (c/. Chapter VII). 


(iv) Ionic Migration in Gases* (XII) 

Zeleny * passed gas at a constant rate along a tube (TT') in 
which a pair of cylindrical electrodes CD and £F are situated 
(Fig. 110). The two centre electrodes CD and EF were separated 


B 

T 


— 

¥ 


0 

i 



— T 

iS 


Fig. 110. Detennination of mobilitios of gaseous iouH. Keprorliiuedfromll. A.Wilson, 
Modern Phynice (lilockie, London, 1D40) 

by a narrow i^ap. Radiation from a radio-active substance S was 
limited to a narrow beam by the slit, and ionised the gas as it 
passed the plane AB. CD and EF vrerc at zero potential and TT^ 

^ L. C. LoNOSwoRTn, %bid., 11)32, 54, 2T41. 

‘ J. J. TnoMSON and G. P. Thomson, Cmductim of Ekctrieity in Gcues, Cambridge, 
1928. K, K. DabroWi Eketrieal Phenomena in Gases, Williams and Wilkins, 
Baltimore, 1982. G. Glockler and 5. C. Lino, Ekctrochemiatry of Gases and other 
Dielectrics, Wiley, New York, 1937. L. B. Lokb, Fundatnentol Processes of Electrical 
Discharge in Oases, Wiley, New York, 1939. J. D, Cobine, Gaseous Conduction, 
McGraw-Hill, New York, 1941. H. A. Wilson, Modem Physics, 2iid. Edition, 
Blackie, London, 1940. 

■ Zel^y, Phil. Trans. A,, 1900, 195, 198. 
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was at a potential y. Ions foimed in the plane AB were attracted 
to either TT' or CD, the actual path being the resultant of the 
motion due to this force and the motion of the gas stream. Ions 
reaching EF could be detected by means of a quadrant electro¬ 
meter (not shown) attached to it. The potential (yi) was then 
adjusted until it was Just great enough to prevent ions reaching EF, 
indicating that ions formed at the surface of the electrode TT' are 
just reaching the centre electrode at the gap between its two parts. 
If the radius of the outer electrode is b and that of the inner 
a, the mobility can be obtained from the expression 


Q In b/a 

2 Ttjpd ’ 


(35) 


where Q is the volume of gas passing AB in unit time and d is the 
distance between the plane AB and the division in the centre 
electrode (cf. Chapter XII problem 3). 


A meihod dependiujur on the rafrrsal of the field was first used by Rutherford 
The guH WHS jilaoed between paTullcl plates ti distance 1 apart.. Ions or one sign only 
were produced at one plate; for example, by producing ions liehind a hole in the plate 
which was covered witli wire gauze and allowing the ions of one sign to pass through 
the gauze under a weak electric field. If another field F is niiuiitained between 
the plates for a time t and then reversed, no inns will reach the other plate unless 

/ is greater than . The mobility may thus be determined by finding the value 
l/F 

of t for which the second plate just receives a chaigc*. If tlie reversal is curried out 
many times, tlie charge on the second plate is built up to a value w'hich cun be more 
easily detected. If an alternating electric field F = F^ sin cof [cf. equation (1)] is 
used the distance the ions move is given by 

n 

foi 2u Fn 

UFdt= " , 

J a* 

u 

and the critical condition is 

1= 2UF, 

01 


(ao) 


(87) 


Since both the above methods determine individual mobilities 


' E. Rutherford, Proc, Comb, Phil, Soc., IBDB, B, 401, 

* See also P. Lanoevin, Arm. Chim. Phys,^ 1908, 28, 2BB. 
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they ate equivalent to both conductanoe and transport number 
measurements. 

Gaseous conduction in flames^ resembles conduction in solutions 
more closely than docs that in cold gases, since, owing to the con¬ 
tinuous rapid production of ions, a steady state is set up in which 
there is an appreciable concentration of ions. The conductance of a 
gas flame may be measured, if the flame issues from an insulating 
(quartz) burner, by inserting two platinum electrodes into the 
flame. 


(v) Ionic Migration in the Solid State * (VI - 5) 

The measurement of conductance of solids is often carried out 
by placing a single crystal, or a pellet of the pressed powder, 
between two metal electrodes. The resistance is then measured 
by an a.c. bridge method or by the d.c. method. The advantage 
of this method is that the temperature and atmosphere of the 
apparatus may be varied, and its main disadvantage is the 
uncertainty due to the contribution of contact resistance between 
the electrodes and the material. To reduce the latter the specimen 
is often platinised or graphitised at each end. In an alternative 
method due to Guduen et al, * the powdered material was mixed 
with a non-conducting dielectric such as oil and put between the 
plates of a condenser in an h.f. resonance circuit. Although this 
method is said to eliminate the effect of contact resistance, it is 
nut capable of a high accuracy (usually about 10%). 

Since the distinguishing feature of electrolytic conduction is 
the transport of matter, the measurement of transport numbers is 
an important experimental criterion of conduction mechanism * 


^ A.Huckeu, Wiai-UoTmsnandlflKh dtr Experimentalphysik, 13, part. 1. R.Vicu- 
NiEVHKY, Trarut, Faraday Soc., 1D40, 12,322. H. A. Wilson, Modem Physics, 2nd. 
Edition Chap. XV., BJackie, I^oiidon, 104Q. 

* E. FniEDnicH and VV. Mayer, Z. Elektrochem,, 1020 , 32, 506. E. Piidzuh, 
ibid., 1033, 39, 75. W. Seitii, ibid,, 1980, 42, 035. R. M. Fuoss, J. Am, Chem. 
Soc. 1037,69,1703. W, Mayer, Z. Ekktrochm,, 1044, 50, 274. M. Fuex, Compf. 
rend., 1045, 220, 850. 

* B, Gudden, Am, Physik, 1082, 14, 103. 

* G. V. llEVESY, Geiger-Sched liandbtich dm Physik, 13, Chap. 7. 
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(But see however Wagner^ on Ag|S). The general procedure 
followed by Tubandt etal.‘{m determining the transport number 
of a substance AX was to place three discs of AX and three discs 
of AY (known to be a pure cationic conductor) between two 

electrodes of A (Fig. 111). 


i/ 


JL 


J' 






^1 


Fig. 111. 'fTBiuport numbcn iu snlidR 


The weights of the discs 
and the electrodes were 
accurately known and a 
known quantity of cur¬ 
rent was passed through 
the cell. When electroly¬ 


sis occurred, the discs adjacent to the electrodes .stuck to them 
and were weighed with them to determine the loss of material 
from the anode and the gain at the cathode, from which the 
transport number can be csdculated. The conductor AY was 
used to check the actual current passing througli the cell (the 
current measured outside the cell might include leak currents 
which occur readily in such highly resistant systems) and to 
en.sure that negative ions remain near the anode (otherwise the 
cathode deposit is very irregular, protuberances known as “trees” 
being formed). An additional check on the experiment is made 
by weighing the dises B and E which should not alter in weight 
(c/. Hittobf method for solutions, I - 8). 


7. Reversible Eleetromotive Force (VII, VIII) 

(i) The Meamremeni of Potential * 

The usual laboratory standard of potential difference is the 
Weston cell, 

Hg I Hg|S 04 (sat.) CdS 04 (sat.) | Cd (Hg) ; 

which is generally set up in a sealed glass H-tube, Both acid and 
neutral electrolytes are employed, the one having no great advan- 

‘ C. IVaomeb, Z. Physikal. Chm. B., 1088, SI, 48; 83, 489. 

' C. Tubandt, Wim-Harmi Handbuch der EMperimenUdpkyrik, 18, part. III. 
” F. ViGOREUx and C. E. Webb, EUctrical aand MaffieUc Mwsunmmts, Chap. Up 
Blackie, London, 1941. 
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tage over the other. The most important condition of use is that 
only very small currents (of the order 10 amps) should be taken 
from the cell. A cell which has been short circuited for more 
than a second may take many days to return to its original e,m.f. 
This is due to polarisation of the electrodes, with possibly the 
formation of an oxide film on the anode (c/. Rothschild ^). 

(a) The potentiometer 

The simple slide wire method is unsuitable for accurate work 
since the slide wire would be inconveniently long. In the modem 
type of potentiometer * most of the slide wire is replaced by 
'resistance coils. 


2nlft (approM.) 


R 
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Fig, 112. Simple potentiometer 


111 the potentiometer shown in Fig. 112 the slide wire consists of IT resistance coils 
and a snndl rotary resistance, all having the same resistani^e. The potential con thus 
be adjusted in steps of 0-1 v. with the selector knob and to tiie nearest millivolt with 
the rotary resistance, which has a calibrated dial. The potentiometer is first adjusted, 
BO that a potential drop of exactly 1*8 v. exists from A to B, by means of a standard 
cell (N). To do this, the dials of the potentiometer arc set to the e.in.f. of the standard 
cell and the resistance (K) is adjustcil until no ileflection of the galvanometer is ob¬ 
tained. The standard cell (N) is then replaced by the unknown e.m.f., and tlie potentio¬ 
meter balaiified again, when the e.m.f. of tlie imknown may lie read ilirectly from the 
setting of tlie dials, roteritinnicters working on this principle ore available for 
the measurement of potential differeiu^ from l(r* v. to 2 v. 

Higher poimlialt may be measured by connecting standard cells in opposition 
to the e.ni.f. to be ineusured, or, less satisfactorily, by the use of a potential dAoider. 
In the latter u high resistance is connected across the points between which tlie 
e.m.f. is to be measured and tlie e.m.f. across a known fraction of this resistance is 
measured with the potentiometer as described aliove. The e.in.f. across the ends 
of the resistance can then be calculated. 


(b) The valve potentiometer 

For work in which the c.m.f. to be measured is associated with 


* Lord RoTHacHiLD, Pne. Boy. Soe. B., 198B, 18S, 283. 
■ Ref. 8 p. STB, Chop. V. 
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a very high internal resistance (e.g. the glass electrode) valve 
potentiometers ^ are used, since these require very small cur¬ 
rents for operation. Such 
potentiometers are also use¬ 
ful for systems in which the 
equilibrium would be dis¬ 
turbed by the current drawn 
by the potentiometer de¬ 
scribed above when it is 
Fig. 118. Valve patentiomcicT slightly off balance. 



The basic circuit of a valve potentiometer ia ahowii in Fig. 118. Essentially the 
unknown e.m.f. (X) is compared with a known e.in.f. (P) in a high resistance circuit 
(the grid circuit of a valve). The small deviations from balance arc amplified by 
means of a valve and indicated on a sensitive galvanometer. The instrument is 
standafdiKed by connecting together the points (A) and (B) in the grid circuit by 
putting the switch at (A) in position (1), and then adjusting the resistance (II) 
until no current flows through the galvanometer (Ci). For mewnirirtg m unknmm 
0 . 111 ./. (X) the switch (A) is put in position (2) so that (X) is introduced into the 
grid circuit together with a potentiometer (P) (siiniliir to tlmt described above) 
flo that the e.m.f.'s of (X) and (P) are acting in opposition. The potcnliometer (P) 
is adjusted until again no current flow's through the galvanometer (G). The potential 
of the point (A) must then be equal to that of (U), and the e.m.f. of tlic |Mitciitio- 
nicter (P) is equal and op|Misitc to that of tlic unknown (X). The unknow'n e.m.f. 
may thus be read directly on the dials of the potentiometer. 


Any current drawn from the unknown must pass round the 
grid circuit of the valve, hence the current required for operation 
is controlled principally by the impedance between the grid and 
the cathode. In an ordinary valve this current is of the order 
of 10~^ amp., if the grid is kept negative with respect to the 
cathode. This current may be reduced to about ]0~” amp. by 
using a valve of special construction called an electrometer valve. 
In this type of valve special care is taken to insulate the grid 
from the cathode, and to remove traces of gas from the envelope 
in order to reduce conduction between the grid and cathode. 


1 K. H. GouDii, J. Am. Chan. Soc., 44, 20; 1B25, 47, 24B8. H. L. Cabman 
andM. E. Drobz, Jnd. Eng. Chan. ( Anal, Bd.), IBSB, 11, SBB. M. Dolk, Tht GIoh 
Electro^, Giapman and llall, London, 1B41. E. Mouton, Trans. Faraday Soe., 
1B28, 24, 5; IB4H, 44, 5H8, J. Sd. ItaL, 1B82, B, 28B. H. T. S. Britton, ibid., 
1B46, 33, BB. 
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(ii) Reversible Electrodes 

According to Luther, Gerke and Bockrib el al. the following 
observations ^ indicate that the ektirode is not behaving reversibly, 

1. Fluctuations occur in the e.in.f. 

2. Two apparently identical electrodes in the same solution give 
a different e.m.f. 

8. Changes occur in the e.m.f. if the electrode is shaken. 

4. Changes in the concentration of the solution do not result in 
changes in the e.m.f, which agree with those predicted by the 
Nernst equation. 

5. The potential does not rapidly return to the equilibrium value 
after polarisation. 

Standard Half Cells 

Hydrogen electrodes are best prepared* by clectrolyHiii^ a pure Bolution of 
plaiiiiic L'hloridc coiitaiiiin^ 1% of platinum * between two platinum foil electrodeB. 
A Buitable current in ulitainnblc directly from a 2 v accumulator and its direction 
Ib reversed every two or three minuteft. Tlie clectrolyBis is continued until a velvety 
black deposit is obtiuncd (usually 2-4 hours). The electrodes arc then carefully 
washed in conductivity water. If such electrodes are used in carefully purified 
solutions they will reach equilibrium in 15 minutes; an electrode which does not 
reach equilibrium within 30 minutes is usually |)oisoned. It appears unnecessary 
to keep part of the elcH^rodc above tlic level of the solutioiip although this is often done. 
(The depth of the bubbler, however, has an effect of tlie order 3 /iv./cin. * owing 
to the suyiersaLurutioii of the solution with hydrogen at a higher hydrostatic pressure). 
Once an electrode lias reiu;hed equilibrium it will maintain the reversible hydrogen 
potentiiil fur several days without hydrogen bubbling if the solution is saturated 
with hydrogen and it is in a iiydrogen atmosphere, although in normal use hy drogen 
is kept bubbling continuously. Wlien not in use, hydrogen electrodes should be 
kept ill conductivity water as they lose their catalytic properties if allowed to 
become dry. Sevcjal types of electrode vessel have been described *. Hydrogen 

* In contrast to the preparation of electrodes for conductivity cells, the use of 
addition agents such as Icjul acetate nr formic acid, although they produce a thick 
deposit rapidly, is not advisable since the resulting electrodes have a much shorter 
life. 

^ R. Luther, Z. Elektroclicm,, 1907, 13, 2BI). li. H. Gerke, Chm. Rev., 1925, 
1, 877. .1. O’M HriCKRiB, J. F. Herrinosiiaw r.l al., Faraday Soc. Discussitm^ 

1047, 1, 328. 

” J. II. Ellis, J. Am. Chem. Soc., 1010, 38, 737. 

* G. I. Hills and 1). I. G. Ivks, Nature^ 1040, 163, 007. 

* J. Hildebiund, j. Am. Cfutm. Soc., 1018, .‘I5| 847. C. H. Bailey, ibid,, 
1020, 42, 45. A. J. Lindsey, Analyst, 1982, 57, 573. 
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gB8 Bhould be deoxygenated by paasiDg through alkaline pyrogalloP or over 
palladised aabestoa at about 850 °C. 

For eakmul decfrodeB redistilled mercury sliould be used, smoe traces of Ibreign 
metals ” have a marked effect on the potential. A.R. quality mercurous chloride 
is usually suitable for most purposes if ground in a mortar with a little mercury 
and KG solution to reduce traces of mercuric chloride. For accurate work (better 
ihan ±0'001 v.) very pure samples of Hg,G| may be prepared electrolytically *. 
Correspondingly Tecrystalliscd A.R. KG may be used in conductivity water for 
most purposes, but for accurate work pure KG may be prepared by two pre¬ 
cipitations with pure UG gas followed by fUsion of the air dried product K 

SUoer-Siloer Chloride eleetmdea are usually supported on platinum wire. Several 
methods luve been proposed for their preparation: (a) the thermal deifomposition 
of a paste of Ag^O and AgGO, held on the platinum wire; (b) the electrolytic 
deposition of Ag from a cyanide solution followed by anodic electrolysis in dilute 
HG (10 - ao mA for 1 - 2 hours '); (c) thermal decomposition of an Ag,0 paste 
(850 - 450 °C) and covering with AgG paste pieiiared by evaporating ammoniacal 
AgG solution over concentrated H|SO|(d) tliermal decomposition of an Ag|0 
paste foUowed by anodic electrolysis in on IIG solution There is some evidence 
that the last method is the most satisfactory *. 


(iii) Electro-analytical Methods (VI - 3, VIII - 3) 

The ordinary methods of conductometric and poteiitionietric ana¬ 
lysis * described in chapters VI and VIII may have to be refined 
for special purposes. For example, very high accuracy (0*003%) 
in potentiometric titrations may be attained by using a differential 
method and weight burettes and for the titration of certain 
organic redox systems exclusion of oxygen is necessary 

(a) Gravimetric electrolytic analysis 
Electrol 3 rtic deposition provides a very convenient method for 

> J. S. Haldane and R. H. Makoill, AmlyM, 1988, 68» 378. 

* G. A. Hulktt and II. D. Minthin, Phys, Rev-, 1905, SI, 888; 1911, 38, 807. 

■ G. A. Hulett, Phye, Kec., 1908, 22, 884. J. H. Eixis, J. Am. Chem. Sac. 
1916, 38, 740. G. F. Lifscubib and G. A. Hulett, tbfd., 1916, 38, 21. 

* G. D. l^iNCiiiNa and A. G. Bates, J. Rea. Nat. Bur. Stand., 1946, 37, 811. 

* A. A. Noyes and J. H. Ellis, J. Am. Chm. Soc., 1917, 39, 2582. 

■ E. Guntelbubo, Z.phyaikal. CAcm., 1926, 123, 199. 

’ H. S. Habned, j. Am. Chem. Soc.^ 1920, 51, 410. 

■ P. T. Gilbebt, Faraday Soc. Diaeuuian, 1947, 1, 820. 

* I. M. Koltuoff and H. A. Laitinen, pil and Eteetro rifrofioiu, J. Wiley, 
New York, 1941. 

H. E. Camebon, j. Phys. Chem., 1988, 42, 1217. L. Michaelib in A. Wuiss- 
BEBGEB, Pkyaiad Melhoda of Org. Chem., Intcrscienoe, New York, 1940. 
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the gravimetric analysis of metals since, by using controlled con¬ 
ditions (both chemical and electrical), the constituent metals may 
he completely separated from a solution containing several metal 
salts. The potential of the cathode with respect to a reference 
electrode is usually controlled throughout the deposition by varying 
the current in order to maintain the appropriate conditions for depo¬ 
sition of the required ion These conditions may be predicted very 
roughly if the reversible potential and overpotential of the par¬ 
ticular ion are known [ef. Chapter XI) but the conditions used in 
practice are usually empirical. A detailed description of many of 
these electrolytic separations is given by Sand*. 

(b) ConlroUed potential analysis 
In analytical (and also 
preparative) electrolysis 
the controlling factor is the 
electrode potential An 
apparatus for controlling 
an electrode potential 
throughout an electrolysis 
was originated by Hick- 
UNO (who coined for it the 
name potentiostat) and by 
Caldwell, Pabker and 
Diehl *. An improved 
apparatus due to Lin- 
GANE*, however, permits 
more complete control of 
the electrode potential 
(Fig. 114). The current 
passing through the cell 

* H. T. S. Sand, EUelndiemiitry and Eketndtmieal Analgiu, Blackie, London, 
1040. 

' W. BOnaER, Phyiikaliaehe Mdhodm dtr AnidgtiKhm Cheme, Toil 11, Lripcig, 

IDSe. 

* A. HacKuno, Tttttu. Faraday Sae., IMS, Si^ S7; C. W. Caldwell, R. C. Pae- 
EEn and H. Diehl, Ind. Eng. Chem. {Amd. Ed.), 1M4, IS, 688. 

* J.J.LuraANE, Ind.Eng.aiem.(Anal.Ed.). IMS, 17, 888. 



Fix. 114. Potentiostat. Reproduced from 
Faraday Sac. Diwuwion, 1M7, 1, 805 
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is controlled by the rheostat (R|), driven by an electric motor. 
This motor is actuated by a galvanometer relay (G), via electronic 
relays (R^). The galvanometer relay operates when the potential 
difference between the working and reference electrodes differs 
from the opposing e.m.f. set on the rheostat (R,). The current 
through the cell is then altered automatically to return the 
electrode potential to the required value. 

Several applications of the potentiostat are reviewed by 
Linoane K 


(c) Polarography (XI -1) * 

For much routine work the electrodeposition of metals has been 
replaced by polorographic analysis which has the advantage of 

speed and also re¬ 
quires very small 
quantities of solution. 
The essentials of the 
apparatus arc illus¬ 
trated in Fig. 66 p. 
409. In practice the 
instrument is made to 
function as nearly as 
possible automatically 
(Fig. 115). The resist¬ 
ance wire is wound on 
a drum (B) which 
is geared to another 
drum (C) carrying a 
photographic record¬ 
ing paper. Thus, 
when the potentio- 

Fig. 116 . Hxybotbky—Shixata poimograpli. Repro- drum is driven 

duced from I.M. Kolthoev and J. J. Linqanr, 1 ^*^ speed by a 

Polarography (Interacicnco, New York, 1941) motor (A), the ICCOrd- 



* J. J. LmGANE, Faraday Soe, Ducuuion, 1947, 1, 208. 

' J.J.LnraANE and 1.M. Koltxoff, CAem. Rw., 1030,24^ 1, I.M.Kolthdff and 
J. J.LmOANB, Polangn^hy, Intencience, New York, 1041, J.HxTBOVBinr, Polaro- 
gr^thie. Springer, Lelpcig, 1041. J. Hetrotsky, MelMnirt, 1044, 83, 883. 
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ing drum rotates in proportion to the applied potential and the 
current is recorded by the action of the light beam from a mirror 
galvanometer (E). The current potential curve thus produced 

is known as a polarogram. 

The periodic change in current due to the growth of the drop 
is reduced by use of a galvanometer of long period but may be 
almost eliminated by the connection of a large condenser (about 
2000 in parallel witli the galvanometer shunt. This is 

because the rapid small variations in current will be absorbed in 
charging and discharging the condenser and will thus not reach the 
galvanometer. 

Caihode-ray tubes have been used as indicators* and Mathe- 
BON and Nichols * obtained a complete polarogram on an oscillo¬ 
graph screen, using a rapid drop rate synclironised with the time 
base of the oscil¬ 
lograph. However, 
only recently has 
Randles * shown 
howu direct reading 
cathode-ray polaro- 
graph (Fig. 116) can 
beused with analytic- 

, Block diHCram of cathode-ray polnrognph * 

al accuracy compa¬ 
rable to that of the Heyrovsky polarograph. A polarogram 
is obtained for each drop by increasing the potential across 
the cell at a constant rate during the exi.stencc of the drop. 
This increase of potential is provided by charging up a con¬ 
denser through a resistance; to obtain a stationary figure on 
the oscillograph, this is repeated fur each drop. The condenser 
is short-circuited as each drop falls, and charging recom¬ 
menced after a predetermined time has elapsed, by means 
of a relay (compare the time base p. 536) actuated by a 
circuit which receives an impulse as the drop falls, due to 

^ J. J. Linoang mid 11. Keiujngeb, Ind, Engm Chan, {Anal, Ed,),, IR'IO, 13,757. 

* R.H. Muller, ei al,, Ind, Eng. Chan. (Anal, Ed.), 103B, 1U| 339. J. Bueke 
and H. Van Suchtelen, Philips Tech. Reo., 1030, 4, 213, 

* L. A. Matiigbon and N. Nicholb, Trans. Am. Eketroehan. Sue,, 1088, 73, 108. 

* J. K. B. Randles, Trans, Fmaday Sac., 1048, 44, 322. 
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the sudden change of the current in the cell. An electronic 
device is also employed to maintain the rate of change of the 
potential difference across the cell constant, and independent of 
the magnitude of the current flowing through the cell. The 
potential difference across the cell is amplified by means of a 
direct coupled amplifier (X) and applied to the X plates of an 
oscillograph. The current is measured by similarly amplifying the 
potential difference across a resistance in series with the cell and 
applying it to the Y plates. A current voltage curve is thus obtained 
on the oscillograph screen. 

CapillancH for the dropping electrode may be either drawn from larger capillary 
tubing or very fine capillaries such as 0'03 nim. bore thermometer tubing may be 
used. The capillary is often connected to the mercury reservoir by means of carefully 
cleaned rubber pressure tubing. Since the oontaiTt of mercury with rubber is un¬ 
desirable because of the introduction of traces of capillary active substances, 
some workers' have used an all-glass connection. For general purposes, liowever, 
the use of a connecting tube of a polyethylene plastic appears quite satisfactory. 

It is neoessaiy to use mtreury of a high degree of purity, which may be obtained 
by the use, first, of one of the usual *^et’' methods, the best of which appears 
to be that of v. Naray-Szabo * followed by distillation in a stream of air 

Tht ekctnlylic cell used lias a form depending on the |iarticular purpose for which 
it is required. In the simplest, the mercury fiool at the liottom (which is virtually 
non-polarisable with the small currents passed) is used botli as an anode and as 
a reference electrode, but external anodes and reference electrodes arc used in 
more accurate work {tf, the capiUary electrometer). 

At anodic poIcnHals the mercury electrode becomes unusable in many solutions 
because of the dissolution of the mercury *. Under tliese conditions similar types 
of current-voltage curves, which may be used for analytical purposes, arc obtained 
usingpkifinttinmtcfo eketrodea which may be stationary, rotating*, or vibrating*. 


’ e.g. J. J. Lingane and I. M. Kolthoff, J. Am. Chan. Soc.^ 1B30, 61, 825. 

* S. V. Nabay-SzAb 6, Z. Ziecfrockem., 1B25, 31, 65. 

' I. M. Kolthoff and C. S. Miller, J. Am. Chan. Soc., 1641, 63, 1405. W. 
MacNevin and K. W. Balis, ibid., 1648, 65, 660. J, O’M. Bockrib and R, 
Parsons, CoU. Ouch, Chan. Comm., 1647, 18, 338; Nature, 1647, 166, 282. 

* H. A. Laitinkn and I. M. Kolthoff, J. Phya. Chan., 1641, 46, 1076. D. 
Thurley, M.Sc. Theaia, London, 1647. 

* E. D. Harris and A. J. Lindsay, Nature, 1648, 162, 418. 
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8. The Electneal Double luyer (X) 


(i) ElectrocapiUarUy and the Capacity of the 
Double Layer (X -1) 

(a) The capillary electrometer 

An important method of studying the structure of the double 
layer is the measurement of the re¬ 
lation between interfacial tension and 
potential. The clasaical tcork of 
GoUY^ was carried out using a capil¬ 
lary electrometer which differed little 
from that originated by Liffmann 
(see Fig. 49). Recently mprovementa 
have been made in the experimental 
technique by Koenig, Craxford* 
and Hansen and Williams*. 

A typical apparatus is shown in 
Fig. 117. Although it has been slated* 
that oxygen has no effect on the 
electrocapillar}' curve obtained using 
an electrometer (for example, Gouy 
used solutions in open beakers), most 
modem workers prefer to use dc- 
oxygenated solutions. It is very im¬ 
portant that no traces of capillary- 
active substanees are present in the •^*P***“7 dectrometer 

solution. The solution is prepared in a hydrogen atmosphere and 
then passed into the cell through C. The electrode (B) may act 
as anode and reference electrode because very small currents are 
passed through the cell, and since the area of the electrode (B) is 
very much larger than that of the mercury in the capillary, the 
former is imlikely to be polarised. However, the ohmic drop 



> G. Gouy, Atm. CMm. Phya.. 1808, St, (vn), 145. Atm. Pkynfue, 1817, 7, ISB, etc. 

> F. 0. Kobnid, Z. pkytikia. Chen., A, 1881,164, 464. S. R. Cbaxford, Diua- 
tofiiin, Oxfoid, 1806. 

• L. A. Hansen and J. W. Wiluamb, J. Pliyt. CAem., 1885, 88, 488. 

* D. C. Ghabamb, j. Ant. Chat. Sue., 1841, 88, 1807. 
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(usually small) in the solution is included in the measured e.m.f. 
so that it appears preferable to have separate electrodes to perform 
the functions of anode and reference electrode. 

The capillary can be made from thermometer tubing and drawn 
out to about 10~* cm. internal diameter. The sensitivity is greater 
the less the shape of the tube differs from cylindrical, but it must 
not be exactly cylindrical otherwise the position of the meniscus 
becomes indeterminate. The measurement of intcrfadal tension 
is then made by adjusting the height of the mercury column 
(D) by means of nitrogen from a cylinder, so that the lower 
meniscus is at a constant level. The height is measured using 
a travelling microscope. For accurate work it is important that 
the temperature of the mercury column should be constant since 
the density of mercury changes considerably with temperature, 
and it is preferable that the. whole apparatus be in a thermostat. 

(b) The use of the dropping mercury electrode 

Electrocapillary curves have also been obtained by calculating 
the interfacial tension from the weight of the drop of mercury 
falling from a capillary tube \ This method appears to be more 
satisfactory than the electrometer method for non-aqueous 
solutions since the liquid no longer wets the glass perfectly, and 
the angle of contact between the mercury and the gla.ss is less 
than 180° by on uncertain and variable amount. Oxygen in the 
solution appears to affect the results obtained by this method *. 

For solid metals Frumkin ' has shown that approximate 
clcctrocapillary curves may be obtained by measuring tbe contact 
angle between a gas bubble and the metal surface. 

Values of the charge on the electrode surface and capacity of the 
double layer can be obtained from clcctrocapillary curves by 
graphical differentiation (c/. equation X - 8) but the method is 
somewhat inaccurate and more satisfactory values are obtained 
by direct measurement. Fhilpot * has measured the current 
required to keep an expanding mercury surface (dropping electrode) 

^ S. R. Craxford and H. A. C. McKay, J, Phys. Chem., 1935, 39, 545. 

” J. Heyrovsky and R. Simunek, Phil. Mag., 1929, 7, (7), 951. 

* A.N.Frumkin, Act.Sei.Ind. (Parui) So.d7li;Phynkal.Z.t U.IZ.i9.5f.,1983,4,239. 

* J. St. L. Philpot, PhU. Mag., 1932, 13, (7), 775. 
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at constant potential, from which the charge density in the double 
layer is obtained finm equation X - 9 (c/. problem X - 8). Conection 
can be made for any "faradaic” current which does flow, but it is 
preferable to reduce this by very carefiil purification of the solution 
in the absence of oxygen, and especially by use of eUctrolytic 
purification (Section 8). 

(c) Electrode capacity by direct measurement 
(1) A. C. methods 

The capacity of the electrode double layer may be obtained 
more accurately by direct measurement. Many authors^'* have 
included the cell in an a.c. bridge (cf. sections 4 and 6). By using 



Fifv. 118. A,C. iiiethoil for the clcterinination of the i:npai;ity of a morcury 
electrode. Repniduced from Acta Vhym'itckm, 11130, 4, 820 


an auxiliary electrode of very much larger capacity than the test 
electrode {e,g. by having the former of much larger area than the 

^ M. WiifiN, Ann. Phynik^ 1902, D, 373. F. Kruger, Z. physik. C/iem., 1908, 45, 
1. I. WouT, Phyn. /fcv., 1920, 23, 755. G. Jones and S. M. Christian, J. Am. 
Chrm. Sac., 1035, 57, 272. 

* P.Dulin and D. Ershler, Acta Phyncochim,, U.li.S.S., 1940,13,747. D. C. 
Grahame, J, Am. Chem. Soc., 194a, 68, 301. 
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latter), the measured capacity may be ascribed entirely to the 
test electrode (c/. equations 8,10). The alternating potential across 
the electrode is kept below 15 mv. **' '"since the smaller the potential 
amplitude the closer the measured capacity approaches the true 


differential capacity 



at a given potential. 


If the current leak through the electrode is very small, i.e. the 
electrode impedance is almost entirely capacitative, the electrode 
capacity may be measured by passing a known a.c. through the 
cell and observing the potential difference across it. This method 
was used by Boerisova and Proskurnin ^ for mercury elec¬ 
trodes, which fiilfil this condition clascly until hydrogen evo¬ 
lution becomes significant. 

The apparatus is shown in Fig. 118. A50c.p.s. a.c. (Tr) is passed 
through a circuit containing the cell (A) (or standard condensers) 
and a condenser, having an impedance much larger than the cell, 
which serves as a constant current dc^ice. The amplitude of the 
potential across the cdl is compared with that across the standard 
condenser by amplifying and observing it with a cathodc-ray 


(2)D. C. transient methods 
The electrode capacity can also be measured by observing the 
rate of change of the potential when the electrode is charged with 
direct current. In early work the rapid potential changes were 
observed using mechanical oscillographs \ Charging curves at 
high current densities have more recently been carried out using 
a cathode ray oscillograph as an indicating instrument'. 

At low current densities the experimental conditions become 
more important, since the depolari.sing impurities present must 
be reduced to such concentrations that the current due to their 

^ T. 1. Bobhibova and M. A. Phoskubnin, Acta Phyncochim.t U,R.S.S,, 1080, 
4| 819. 

* F. R. Bowden and E. K. Rideal, Ptoc, Roy. Soe. A., 1028,120,53. E. Baabs, 
Sitsunffber, Ges. Fdfd. Naiurwua, Mtaburg, 1028, 03, 213. 

" I. M. Babclay and J. A. V, Bvtleb, Trans. Faraday Soc., 1040, 30, 126. 
A. Hicklino, ilnd.f 1040, 30, 364. 
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reduction is negligible in comparison with the charging current. 
Such conditions may be obtained fairly readily for platinised 
platinum electrodes ^ and the potential change is sufficiently 
slow to be measured with an ordinary potentiometer. For a 
smooth platinum electrode a special technique was developed 
by Ebshler ' who used an apparatus in which an extremely 
small volume of catholyte (5 - 6 mm.*) was used so that the de- 
polariscr present could be readily removed by polarisation. 
Bowden and Grew * measured cathodic charging curves at a 
mercury electrode at very low current densities, by preparing the 
solution in a high vacuum system and then sealing the catholyte 
with the electrode entirely into glass. The electrode was then 
polarised through a bulb of conductivity glass and another similar 
bulb was used for the connection to the reference electrode. 

The principal advantage of the a.c. methods and the d.c. 
charging method is that unlike electrocapillary methods they can 
be used for solid, as well as liquid, metals *. However, purification 
of the solution must be extremely rigorous (c/. section 9). 

(ii) Electrokinetic Measurements (X - 8) 

(a) Eleebraphoresis 

The recent extensive development in the technique of electro¬ 
phoresis measurements is largely due to their biochemical appli¬ 
cations. Two principal types of apparatus, the macroscopic and 
the microscopic, are used. 

(l)Thc macroscopic method 
This is essentially a development * of the moving boundary 
method which has been described for the determination of transport 
numbers. The type of apparatus used by Tibelius has been 
illustrated (Chap. X, Fig. 58) and described in Chapter X. 

^ A. N. FiiUMKiN and A. Slygin, Acta Physicffchim., U^R.S.S., 1935, 3, 711; 
1936, 4, 911; 1980, 5, 319. 

* B. Ershleb, ibid., 1937, 7, 327. 

” F. P, Bowden and K. E. W. Grew, Varoday Soc. DisewHUm, 1947, 1, 80. 

* B. Ersiiler, ibid., 209. 

* L. G. Longbwouth, Chan. Rev., 1942, 30, 828. 
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Since both the liquids used in these experiments are colourless 
special methods have been developed for foUonring the movement 
of the boundary. Svedbero used the fluorescence of protein solu¬ 
tions produced by ultra violet light to make the boundary visible, 
but the more common "schlieren” melhod is based on the difference 
of refractive index of the two liquids ^ 

The principle of the schlieren method is illustrated in Fig. 119. The 
image of a brilliantly illuminated slit (S) is formed by the lens (L) 
at (M). The electrophoresis tube (T) is placed immediately behind 
the lens (L), and an image of the tube is formed on the screen (R) 

by the camera lens (C). If 
the material in the electro¬ 
phoresis tube contains a 
nifractive index gradient 
(e.g. at a boundary), the 
light passing through this 
is deflected downwards 
from its normal path. This deflected ray may be intercepted 
by a straight edged opaque plate (D) pla(!cd immediately in front 
of the camera lens (C) without intercepting the undcflccted rays. 
Thus a region with a refractive index gradient appears on the 
screen (R) as a dark band. 



Flj^. 119. SchiiercJi method 


Further developmcfits at this technUiuehyViULrirr, Svenkson and Lunghwortu * 
uaing a dia^nal slit with a cylindrina] leiiK, and a mcchanii^al ^^scanner” respectively 
liave enabled a direct photnfpvphic record to be made of the eleetrophoreticr pattern. 
Tile Litter is a plot of the refraiiiive index gradient in a thin layer of solution against 
tlie tliickness of the layer and allonrs an estimate of the concciitratioTi.s of the 
various components to be iiiudc during an electrophoretic separation of a mixture. 

(2) The microscopic method 

In the micromethod the motion of individual particles is 
observed either microscopically or ultra microscopically. The 
theoretical treatment of cylindrical cells is simpler than that of 
rectangular cells. The former were used by Matt'son Henby*, 


^ A. Tiskuus, Trans. Faraday Site., 1937, .1.% 524. 

* J. S. L. PiiiLPOT, Nature, 1938, 141, 283. H. sSvensron, KoUoid-Z., 1939, 87, 
181. L. G. LoNOSuroRTU, J. Am. Chem. Soe., 1939, 61, 529. 

< S. Mattson, J. Phys. C/iem., 1928, 32, 1532; 1933, 37, 223. 

* D. C. Henry, J. Chan. Soc., 1938, 997. 
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however, has pointed out that, among other objections, the 
difficulty of observing the flow exactly at the plane of zero electro- 
osmotic flow (see Chap. X) makes 
measurements in this type of 
cell difficult to interpret. The 
theory of the rectangular cell is 
much simplified if the ratio of 
width to depth is greater than 
20 :1. The planes of zero electro- 
osmotic flow are at 21-1% of the 
thickness from the top and bot¬ 
tom of the cell. A typical modem 
cell^ is shown in Fig. 120. 

The olMervatinii cell (A) was conRtructed of two polished Pyiex glass slides 
25 X 7.5 X 1 mm. about 1 mm. apart, “laced” along the side, with Pyrex rod and 
sealed to tlie tubes carrying tlie joints into which the electrodes (S') are inserted. 
This ccU apiwars to fUnetion satisfactorily without grease on taps and joints, and 
since it is of all glass constnictiDii, it may he used for non-aqueous solutions, 

(b) Electro-cndosmosis 

Two principal tcchnique.s have been used for the study of 
elcctro-cndosniosis. In one the solid material is in the form of a 
porous plug which functions as a large number of capillaries. The 
dimensions of the.se capillaries cannot be measured directly but 
may be estimated by measuring the conductance of the plug 
when filled with a solution of known conductance, lliis procedure 
is however uncertain because of the unknown contribution of the 
surface conductance. A typical example of this method is the work 
of Hah and Hodgson who modified the apparatus of Fair- 
BHOTiiEK and Mastin * for the measurement of electro-osmosis 
at carborundum powder. A circulating system was used, the rate 
of flow through the carborundum plug being indicated by the 
movement of a bubble in the capillary joining the two electrode 
compartments. Ham and Dougias showed how the apparatus could 
be used for measurements on a substance less dense than water. 

’ 1). 11. Bhiggs, Ind. Enf. Chm,{AnaL Ed.), 1D40, IS, TOSj 
' A. J. Ham and W. Houohon, Ttom. Faraday Sac., 1B4S, SI, 210, 407. F. 
FAntBROTiiKR and H. Mastin, J. Chan, Soe„ 1024, 2810. 



Fig. 120. Micro elcctrophniesis cell. 
Reproduced fraiu Ind, Eng. Chem., 
1040, IS, TUI 
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The second technique involves the use of single capiUaiies the 
dimensions of which can be measured directly. The method re¬ 
quires great care since the effects arc smaller than those obtained 
with a plug. It is also limited to substances which can be made 
in the form of capillary tubes. Rutoebs and De Smet^ used 
this method to measiue the electro-osmosis of salt solutions 
in glass capillaries. Three capillaries are mounted on a rotating 
cylindrical reservoir so that measurements can be made in 
triplicate. One of these capillaries and its mount are shown in 
Fig. 121. It is cleaned by filling and flushing out repeatedly with 



(a) (b) 

Fig. 121 Electro-osiniMiB cell ^ 

solution in the vertical position. The measurements are jearried 
out in the horizontal position by applying about 600 v. across the 
dectrodes (A.B) and observing tbe movement of the meniscus in 
the microscope. The solution is kept under nitrogen and the con¬ 
ductance is checked before and after the experiment to ensure 
that it has undergone no change. 

1 A. J. Rvtoku and M. De Suet, Tram. Faraday Soe., IIMS, 41t 758, 701. 
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(c) Streaming potentidU 

The apparatus required for measurement of streaming potentials 
is similar to that used for electro-osmosis. Martin and Gortner^ 
damped the diaphragm under investigation (C) between perforated 
gold dectrodes (E^, E|) (see Fig. 122). Excess pressure was applied 
by means of purified air and the potential measured using a qua- 


Compnmd 



Fig. 122. iSlreaniiiig pntt*iitial crll. Iteprorlurod from J, Phys. Chem,, 1D80,34,1518 

drant electrometer (QE) in conjunction with a potentiometer (P) 
(see also Lauffeb and Gortner * for improved type of cell). 

Jones and Wood * have used single silica capillaries for the 
measurement of streaming potentials with very dilute aqueous 
solutions of electrolytes. By using a similar apparatus made 
entirely of vitreous silica, Wood * was able to measure streaming 
potentials using very pure water. The usual reversible electrodes 

* W. BL Mashn and R. A. Gohtner, J. Pkys, Chan., 1980, 84, 1500. 

* M. A. Laueish and R. A. Gobtneb, ibid., IBSS, 48, 041. 

* G. Jones and L. A. Wood, J. Chtm. Phgt., 1045, 13, 106. 

* L, A. Wood, J. Am. dkem. Soe., 1046, SO, 487. 
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could not be used owing to contamination of the water 
with ions, but no polarisation was observed at the 
smooth platinum electrodes used. This was probably 
due to the very low conductance which permitted only 
minute currents to flow. 

(d) SedimetUaiion potentials 

Sedimentation potentials may be studied by ob¬ 
serving the potentials between electrodes placed at 
different heights in a column of fluid in which particles 
are falling. Early measurements appear unsatisfactory 
but recent measurements of Quist and Wasubuhn^ 
are less so. 


I 

Fig. 12a. 
Sedi- 


TheseauthoTB used a glaas eell (Fig. 123) consisting of two vertical 
cylindrical compLirtnieuts joined by a tap. The up|)er (M) held tlie 
powder which (lowed through the tap (f) into the lower (S) which was 
provided with a scries of non-|H)larisablc electrodes (Ag | AgCl) spaced 
down the tulxi. (1, 2, 3, 4, 5). 


mentation 

potential 

cell • 9. Irreversible Electrode Phenomena (XI - 2) 


Much of the work on irreversible electrode phenomena leads to 
results of obscure significance owing to an inadequate conception 
of the experimental requirements. This subject will lie described 
with principal reference to hydrogen overpotential, since it is in 
this section of the subject that the technique has become most 
highly developed. 


(i) The Cell 

The essential requirements ‘ of an electrolytic cell for the 
measurement of hydrogen overpotential arc that it should, 

(i) maintain a hydrogen atmosphere against atmospheric oxygen, 

(ii) maintain catholyte separate from the anolyte and from the 


* Reproduced from J. Am, Chrm. Soc., 1D4(), 62, 3106. 

' J. D. Quist and E. R. Washburn, J. Am. Chem. 1040, 62, 3169. 

* J. O'M. Bockris, Chem, Am., 1943, 43, 520. 
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hydrogen electrode and (iii) be provided with a Luooin ^ capil¬ 
lary (preferably adjustable) connected with the reference electr^e 
compartment. In solutions of specific conductivity about 0-01 mho. 
cm.~^ the use of such a tip is essential at current densities above 
10amp.cm.~*. (iv) Allow the introduction of a cathode in a 
state of high surface purity. The cell should also be arranged so 
that the current density is uniform over the whole electrode 
surface It has been shown ' that the presence of tap grease 
has a marked effect on the overpotential at mercury electrodes. 
Modern cells are, therefore, designed to hold a vacuum without 
the use of greased joints by using carefully ground glass joints 
and taps which are sealed with the solvent which is used inside 
the cell (see Fig. 124). 



Fig. 124. Solid cathode ovcrpotential cell, 
llvprodiired from Chem. Am., 43, 538 


^ U. Luggin see F. Habeb, Z. phy^kal. Chtm.^ IDOO, 32, 108. 

” C. Goodeve, Faraday Sac, Ducf»«um, 1047, 1, 130. 

* S. Levina and W. Sarinbky, Atta Physicoehim,, 1037, 3, 401. 
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(ii) The Preparatian of Sdution 

The solution is prepared from reagents which are deoxygenated 
inside a closed apparatus connected to the cell. The most satis¬ 
factory electrolytes are those which can be produced in the gaseous 
state; for example, hydrochloric acid can be purified more readily 
than sulphuric acid. Bockris and Parsons * refluxed water 
under a reduced pressure of hydrogen for about 2 hours and then 
distilled it into the anode compartment of the cell until the specific 
conductance was about 8 - 5.10~^ mho em.~*. Hydrogen chloride 
giu was prepared by the action of pure sulphuric acid on potassium 
chloride which had been baked out in hydrogen at 550 “C. to remove 
traces of organic impurities. The gas was further purified by cooling 
to —80° in traps immersed in alcohol-solid carbon dioxide mixture, 
and passed into the water in the anode compartment of the cell, 
the concentration of the solution being measured conductometric¬ 
ally. However, even solutions prepared in this way have been found 
to contain traces of impurities which affect the electrode reaction. 
These impurities are best removed by a "pre-electrolysis" of the 
solution using an auxiliary cathode of the same material as the 
working cathode. In this way trace impurities are either reduced, 
deposited or adsorbed at the auxiliary cathode. A technique of 
this kind was first used empirically by Lewis and Jackson ' 
followed by others, but only recently has a quantitative and 
theoretical study been made of this important method (Bockris 
ei al. *). 

Electrolytic hydrogen was passed through the apparatus con¬ 
tinuously (after initial evacuation to remove oxygen) during 
the preparation and the pre-electrolysis. The hydrogen was puri¬ 
fied by passage through various absorbing agents, followed by a 
furnace at 400 °C. containing palladised asbestos to remove oxygen 
and then through a series of traps containing charcoal and glass 
wool at liquid air temperatures. 

^ J. O'M. Bockrib and U. Parsons, Trans. Faraday Soc., 1940, 45, 916. 

* G. N. Lewis and R. F. Jackson, Z.physikal. Chan., 1906, 51^ 107. See also 
A. H. W. Aten and M. Ziehen, Hec. Trav. CMm., 1929, 46^ 944; and Z. A, Jofa 
ef ed., Ada Physicoehm., XJ.R.S.S., 1089,10, 817. 

* A. M. Azzam, J. O'M. Bockris, B.E. Conway and H. Rosenberg, Trans. 
Faraday Soc,, 1050, 40, 018. 
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The preparation of alkaline Bolutiona in a atate of high purity ia more difficult 
than that of acid aolutions. Kenyon uaed lediatilled aodiuA, and Lukottbev, 
Levina and Fbumein ^ uaed aodlum amalgam. The latter method would appear 
to be suitable for work using memiry electrodeB only. More recently Potter * 
haa obtained alkaline solution of suitable purity by repeated lecryatallisation of the 
hydrated hydroxide, followed by prolonged eleetrolyau of the resulting solution. 
A general problem in work in alkaline solutions is connected with the possible 
deposition of the alkali metal onto the cathode. 


(iii) The Preparation of Electrodes 

Mercury cathodes may be obtained fairly readily in a high state 
of purity. Bocksis and Parsons ’^‘“purified mercury by von 
Naray-Szabo’s method and then distilled it twice in aHuLEir 
still **' '**. Mercury electrodes also have the advantage that the 
cathode surface may be renewed a large number of times during 
the experiment, thus decreasing the danger of contamination with 
impurities deposited from the solution. 

Solid cathodes are more difficult to prepare in a clean and 
reproducible state. Many types of preparation such as chemical 
attack, .scraping, etc., arc unsatisfactory, since the electrode is 
exposed to the atmosphere before insertion in the solution, and 
during tliis time a grease or oxide film may be formed on the 
surface. A more satisfactory method is due to Bockris and Con¬ 
way *. The wire cathode was maintained at a red heat for some 
time in a stream of pure hydrogen in a glass tube in which a 
thin bulb had been previously blown. During this process the 
electrode was .sealed into the tube with about half the length of 
the wire projecting into the bulb. The tube was then sealed to a 
glass joint .supported in the cathode compartment cap (Fig. 124) 
after which the cell is evacuated, filled with hydrogen, and the 
solution prepared as described above. The electrode is thus cooled 
in a hydrogen atmo.sphere and maintained therein during the 
preparation and pre-electrolysis of the solution, and, by breaking 
tlic bulb, it is brought into contact with the purified solution at 

’ H. F. Kknyon, Thau, Cambriilge, 1938. P. Lckovtbkt, S. Levina and 
A. N. Fbomkin, Aela Phyiicodum., V.SJI.R., 1989, 11, 1. 

' E. C. Potter, Then*. London, 1930. 

* J. O’M. Bockbh and B. E. Conway, J. Sd. Jnitr., 184B, IIA, 28. 
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the appropriate moment. For clarity the ceU illustrated has only 
one cathode, but the cells used in practice have several catliodes 
prepared in the above manner. The bulb surrounding each is 
broken in turn and after use the electrode can be raised above 
the level of the solution. 


(iv) The Method of Measurement 



Infrrrupfn-. dtruif 

Fig, 125 b. Modern appuratiis for indireet 
ineasurement of oveqiotcntia] ^ 


A discussion of the direct and indirect methods of measurement 

Ml. _ of ovcrpotential has been 

given above (p.898). Since 
the indirect method is of 
particular use when a re¬ 
sistive film on the electrode 
surface is suspected 
and requires speeial appa¬ 
ratus, the latter will be dc- 
seribed here. 

The principle of the 
indirect method is to 
measure the potential 
while the current is switch¬ 
ed off for a short time 
and extrapolate this 
measured potential differ¬ 
ence back to the moment 
of intcrruptingthecurrent. 
Early mechanical commu¬ 
tators W'cre unsatisfactory 
for this purpose but an elec¬ 
tronic device proposed by 
Hickung* appears to be 
more accurate and can be 
used up to c.d.s. of about 
1 amp.cm.~* in normal 
aqueous solutions. 



C/reuif Bjf Th/ratriM potmthm^ifr 
Fig. 125b. Modern apparatus for indirect 
measurement of overpotential ^ 


The interrupter circuit is 
A.H 1 CKUN 0 , Trans. Faraday Soc., 1D87, 32, 1540; 1940, 30, 1220. 
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illustrated in Fig. 125a. The battery (B) charges up the condenser 
(C) through the resistance (r), until the anode of the thyratron 
becomes sufficiently positive to cause the thyratron to become 
conducting, and the condenser discharges through the resistance 
(R). A strongly negative potential is thus given to the grid circuit 
of the valve (V), which then interrupts the polarising current to 
the cell. When the condenser has discharged, the potential differ¬ 
ence across the thyratron becomes small and it ceases to con¬ 
duct. The negative potential on the grid of V decays through 
R and the cycle repeats. Thus, the current passed through the 
cell is interrupted, at intervals controlled by the resistance (r) 
and the potentiometer (P), for a length of time controlled by 
the resistance (R). 

The lowest potential reached by the electrode during the 
interruption is measured using a second thyratron circuit (Fig. 
125b), in which the “flash over” of the thyratron is primarily 
controlled by means of the grid circuit. With the switch (S 2 ) 
closed the grid potential is adjusted using P until the thyratron 
is just on the point of discharging, as indicated by the slow 
.succession of ticks from the loudspeaker (S). The e.m.f. from the 
cell (X) and an ordinary potentiometer arc introduced into 
the grid circuit and the potentiometer is adjusted until the rate 
of thyratron discharge is the same as before, (t.e. slow ticking 
in the loudspeaker). Under these conditions the maximum value 
of the sum of the unknown and potentiometer voltage is zero. 
Thus, the reading on the potentiometer gives the minimum 
value of the potential difference between the reversible electrode 
and the working electrode in the cell. By adjusting the time 
interval during which the current is interrupted, a series of po¬ 
tentials at different times after switching off the current are 
obtained, and arc extrapolated to zero time to obtain the working 
electrode potential. The times of decay used by Hickunu were 
from 10“* to 2.10“* sec. 

This method has been criticised by Frumkin ^ on the grounds 
that the decay of ovcrpotential is too rapid to permit accurate 
extrapolation, but the results obtained by this method are in 


* A. N. FninotiN, AsAa Phyrieoehm., V.R.SJS., lD4a, IB; 28. 
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fairly good agreement with those obtained using the direct method 
under similar eiq)erimentBl conditions on lead, copper and nickel 
electrodes ^ and a direct comparison of the direct and thyratron 
commutator methods, made by Bockeib and Conway *, on iron 
electrodes in JV/IO aqueous HCl shows good agreement up to 
10 “* amp.cm.* 

(v) The Variation of Overpotential with Time 

A discrepancy in experimenial technique which causes much of 
the wide variation in reported results is the method of obtavning 
the overpotentidl-current density relation. Fundamentally, this arises 
from differences of opinion as to the cause of the variations of 
overpotential with time which occur with some metals. Authors 
who consider this time variation to be an intrinsic phenomenon 
of overpotential prefer to record the stationary value reached by 
the overpotential after a prolonged polarisation; those who con¬ 
sider it to be connected with the presence of impurities earry out 
the measurements as rapidly as possible. At cathodes, such as 
mercury, where little or no variation occurs the disagreement 
disappears. For the remaining cathode materials the final decision 
has not yet been made. However, experimentally it is found ’ 
that much, though not all, of the variation disappears when the careful 
preparation of solution described above is used. 

Some disagreement is also expressed about the necessity for 
keeping the test electrode cathodically polarised throughout the 
experiment. However, it appears probable that dissolution pro¬ 
ducts accumulating near the surface of an unpolarised electrode 
will affect its behaviour on further polarisation. 

(vi) Rates of Discharge Reactions 

Doun and Ershler* '"using an a.c. bridge method {cf. section 8) 
determined the equivalent circuit of the platinum electrode¬ 
solution interface. The simplest circuit which will fit the experi- 

* J. O'M. Bockbis, Trana. Faraday Sac., IMT, 43, 417. FaroAiy Sae. Diicuulan, 
1947, 1, 182. 

' J. O'M. Bockiiib and B. E. Conway, J. Phya, Cham,, 1049, 53, 827. 

' J. O’H. Bockeib and B. E. Conway, 3Van«. Faraday Sae,, 1940, 45, 989. 
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mental results is that shonm in Fig. 126, where ] is the double 
layer capacity. By comparing the equations fur the electrical 
circuit with rate equations for processes occurring 
at the electrode, these authors have shown that 
the resistance (R) is inversely proportional to 
the rate of the neutralisaiion procese, which may 
thus be separated from the overall reaction. 

A similar type of measurement has been made 
by Randles ^ of the rate of discharge of metal 
tons on their dilute amalgams. This author used an 
oscillographic method in which the potential 
difference across the cell and the phase angle were 
compared with the corresponding quantities across 
a standard resistance and capacity in parallel, 
by observing the Lissajous figures formed when 
these potential differences were applied to the X and Y plates 
of the oscillograph (c/. p. 585). 

Heyrovskv * also studied rioui deposition reactions by ob¬ 
serving the w'ave form across a polarographic cell polarised with 
square waves. Small kinks in the potential-time curves arc ob¬ 
served when the ions are deposited or the metal ionizes. If the 
deposition and ionisation occur at the same potential the reaction 
may be considered to be reversible; if not it is irreversible. Unlike 
the above methods this has not so far led to quantitative results. 

10. High Temperature Methods * 

Electrical conductance and transport measurements form a 
particularly fertile method of approach to the problem of the 
state of molten substances, e.g. silicates. Measurements of the 
temperature coefficient and magnitude of conductivity, the nature 
of the current voltage relations, applicability of Faraday laws, 
etc., provide information on the degree of ionic conduction, the 
relative contributions of cationic and anionic processes to con- 

'■ J. E. B. Hanulkb, Faraday Soe. Difouiion, 1M7,1,11. 

' J. HEyaovSKY, ibid., 212. 

' J. A. Kitcueneb and J. O’M. Bockbu, Faraday Soe. Ducusiion, 1948, 4, 01. 
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duction, and the nature of the entities present in the melt^. 

Experimentally it is important that the furnace used should 
provide a uniform temperature zone round the cell, a controOa- 



of Construction of Tube- 
type Molybdenum Furnace 

1. Electrode clamp. 

2. Pointer. 

8. Gas-tif^ht gland, aabestoB 
packed. 

4. Centimetre scale. 

5. Gear for raising and lowering 
electrodes. 

6. Support for lifting gear. 

7. Brass tube. 

8. 2' alumina tiil>e. 

0. 0'2 cm. molybdenum elec¬ 
trodes. 

10. Gas-tight gland asbestos 
packed. 

11. alumina tube. 

12. Alumina cement. 

18. Uralite sheet. 

14. Hydrogen inlet tube. 

15, Alumina eemciit plug, 
in. HTx brick. 

17. Calcined alumina powder. 

18. Terminals. 

19. Molybdenum electrodes. 

20. Sighting tube (molybdenum), 

21. Winding (details not shown). 

22. Tails of winding. 

23. Alumina cement pedestral. 

24. 4* alumina tube. 

25. Firccrcte cement base to fur¬ 
nace. 

20. Firccrcte cement. 

27. Removable bottom of furnace. 

28. Hydrogen outlet. 

29. Gear for raising and lowering 
furnace bottom. 


Fig. 127. Molybdenum rcsistanoc furnace. 

Reproduced from Faraday Soc. /h'sciunon, 1948, 4, 95 

^ U. Bloom and E. Hetmann, Proe, Ray. Soe„ A, 19-1>7, 188, 892. J. O'M. 
BocKRiB, J. A. KiTCHENEn, S. Ignatowicz and J. W. Tomlinson, Faraday Soc. 
DueiMsiofit 1948, 4, 205. J. O'M Bocsnis and J. W. Tomlinson, Research, 1949, 
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ble temperature and atmosphere. Of the two types of furnaces 
fulfilling these requirements, the high frequency indudion type 
leads to less trouble with refractories than the resistance type since 
the crucible and/or contents only are heated. However, electrical 
measurements cannot so easily be made while the h.f. current is 
flowing and, if it is switched off, cooling is very rapid. Thus, the 
resistance type appears to be preferable for investigations of 
conductance. The resistance windings used arc: nichrome (up to 
1160 T.) platinum (up to 1500°), molybdenum and tungsten (up 
to 2000° and 2500° respectively); the last two require a re¬ 
ducing atmosphere. Correspondingly the refractories used are: glass 
(up to 750°); quartz (up to 1200°); mullitc, 2 AI 2 O, . 2SiO) (up to 
1700° in oxidising or 1600° in reducing atmospheres); alumina (up 
to 1900°); zircon (up to 2000° in oxidising or 1850° in a reducing 
atmosphere) and carbon (up to 2700°, or 3000 °C. for brief periods). 
The measurement- of temperature is made with thermocouples, 
principally platinum, platinum-rhodium, which extend the range 
to 1400 -1600 °C. At higher temperatures it is necessary to use 
optical p}Tometers. A typical resistance furnace *’‘*** for use in 
measurement of condiict.ance up to 1800 °C. is sho^vn in Fig. 127. 
The tube is of alumina, wound with molybdenum tape kept in 
a reducing atmosphere, usually forming gas (hydrogen-nitrogen 
mixtures). An adjustable assembly (5) permits the electrodes (19) 
to be lowered into the molybdenum crucible, it also supports a cy¬ 
lindrical sbeath of molybdenum having a flat end (20). This is 
placed a few millimetres above the melt and the pyrometer is 
sighted on to the bottom, which has a temperature within two or 
tliree degrees of the melt. In this way the radiating surface 
approximates closely to a true black body and interference from 
the fumes from the melt is eliminated, thus making possible 
mea.surcments of temperature accurate to 5° at 1800 °C. 

At lower temperatures the more u.sual type of glass or quartz 
cell may be used (Bloom and Heymann ” “*) but above 1000 °C. 
a platinum or molybdenum crucible* contains the melt and acts 

* Molybdenum can lie cosily welded in n rfducin|r atmosphere to form apparatus 
of various shapes ^ 

* J. W. Tomlinson and J. O'M. BocKni-s, Brit Iron ft Steel Research Asa,, 1D51, 
No. 8B. 
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as one electrode, the other being a central wire. A Wheatstone 
bridge with a Wagner earth (see section 6) is used, and 
a very pure sine wave is essential. At 1800 "C. the accuracy 
obtainable is only ±5 -10 % because of the very high conductance, 
difficulty of temperature control, etc. Polarisation at such high 
temperatures is less than in aqueous solution and can be detected 
by examining the effect of changes in frequency and electrode area. 

In electrolysis measurements the cell is generally of the U or 
H-tube type; if it cannot be made of glass or quartz, glass taps 
are attached to refractory vessels with PbO-glyccrin cement. 
Platinum or carbon anodes are generally used. The products of 
electrolysis tend to dissolve back into tlie melt and away from 
the electrode, sometimes causing dcpolari.sation Concentration 
changes near the electrode, thus tend to be eliminated by diffu¬ 
sion. Measurements arc therefore often carried out only slightly 
above the melting point so that rapid solidification will preserve 
the concentration changes. 


P. Dbobsbacb, Eledroehmie gaehmolsener Sabe, Berlin, 1B8B. 



CHAPTER XIV 


TABLES OF CERTAIN PHYSICO-CHEMICAL 
QUANTITIES* 

The tables in the following chapter have been divided into 
four principal sets: 

1. Universal physical constants and ratios. 

2. Data concerning physical properties of chemical materials, 
e.g., rcfractivity, dipole moment. 

8. Functions concerned in the physical chemistry of electrolytes, 
e.g., conductance, activity coefficients, 

4. Data concerned with electrode processes, e.g., .standard and 
redox electrode potentials and data on overpotential. 

Where a full table of certain data has already appeared in 
previous chapters appropriate cross references have been given. 
In the tables an attempt has been made to specify the accuracy 
of the data. In some cases, however, this has been impossible 
owing to a lack of information in the original literature. 


* By B. E. Conway, Fh. D. Inipcrial College of Science, London. 

Note: The numbering of tables in this chapter is not continuous with that in the 
previous chapters of the book. The tables are numbered appropriately to 
the section of this chapter in which they appear. 
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FHYSICO-CHEHICAL QUANTITIEB 


XIV 


1. Universal Constants and Ratios 

TABLE I, 1 

PniNClFAL CONSTANTS AND RATIOS 


Acceleration due to the earth's 

^vitational field ga (Standard) — 080-005 cm.sec.' 


Standard atmospheric pressure 
(the standard atmosphere) 


1 litre — 1000 ml. 

Volume of ideal gas (0 °C., .-Ig) 

Volume of ideal gas (O^C., ^^ 45 ) 

Ice point 
Normal caloric 


Joule equivalent 


= D80-G1G cni-sec,"* •. 

=:= (1-018240 :b 0-000004). 10* dyne 
cni,"*at.“^ 

=== (1-018105 4: 0-000004). 10" dyne 
cm.“*at.“^ 

=:r 1000-078 ± 0-002 cc. 

^ (22-4146 ± 0-0000). 10*cni.»mol-» 
= (22-4140 ± 0-000) litrc.nio|-^ 

= (22-4157 ± 0-0000). 10»cm.>nioi"» 
= 22-4151 ± O-OOOG litrc.mol'^ 

== 273-10 ± 0-01 “K. 

Jlcut required to raise tlie teniper- 
uture of 1 g. water from 14-5 
to 15-5T. 

= 4-1855 4- 0-0004 ahs.joule.eal."^ 

= 4.1847 ± 0.0008 intjoulc.cal.“^ 

= (0-0228 ± 0.0011). 10*® iinil-» 


Avogadro's Numlier, Nj 
Specific gravity of mercury (0 ®r., iig) referred 
to air free water at its maKinnim density ~ 18-;i9ri42 ± 0-0000.5. 

Density of mercury (0 “C., /!„) == 18-5fi504 ± 0-(M)005 g.cin.“* 

Planck's constant h = (fi-024 ± 0-1KI2). 10“” cig.scc. 

Velocity of ligJit in vacuum c — (2-09770 ± 0-00004). 10*® em.scc.“* 

The faroday F = 90501 ± 10 int. c^ulomb/g.cquiv. 

■ (chemical *rale)** I = ^ 

' ‘ \ — 90-48 7 db 1 f-m.u. couloiiili/g.cqiliv. 

P = rF' =. (2-892-47 ± 0-000:i0). 10** ahs. 
L-.s.ii./g.cqiiiv. 

F (physical scale) •• = 00.514 ±10 iibs.coiil./g.equiv. 

= 9051-4 ± 1 abs.p.m.ii./g.equiv. 
(2.89820 ± 0-00080) . 10** abs. 
e.s.ii./g.cqiiiv. 

1 abs. electron volt = 10* r, == 10* F/JV^ = (1-00203 ± 0-00034). 10“** erg. 
Energy in cal./mole for 1 c-v./moleculc — 28052 ± 3 cal.mol * 

Gas constant R = (8-814.80 ± 0-00038). 10’ crg.deg.-hnor* 

= 1-08040 ± 0-00021 i^.drg.-*inor * 

Boltzmann constant k = R/N^ ^ (1-38047 ± 0-00020). HP** ergB.deg.~*. 


* Suffiis^ 0 and 45 refer to 0” and 45** of latitude rcs})cctivcly. 

** In the “chemical scale" ilic equivalent weight is defined with reference to the 
normal isotopic mixture: **0 + *^0 + *®0 = lO-OIKKN), wliilst on the physical scale 
it is defined with reference to the isoto|)G **0 = 10 - 00000 . 
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TABLE I, 1 (Continued) 


Eleptrocheinieiil equivalents: 

Afj[ = M18(M). KT* g./int.couloinb. 

= (MlfiOr d: 0-00012). lO"* g./abs.coulomb. 

I = (l-ai5020 ± 0-000025). 10’> g./intcoulomb. 

= (1-01585 ± 0-00014). ]0~* ^.Inhs.coulomh. 

International volt — that potential difference which applied across a con¬ 
ductor of resistance one int-ohm causes a current 
of one int.aiiipbre to flow. 

International ohm Resistani^e opposed to a consUiit current by a Mlumn 

of mercury at O^C., 14-4521 g. in moss, of constant 
cross-sectional area and lOO-BOO cm. in Icngtli. 

Coulomb (])raciic!il unit) =-■ Quantity of electricity transferred by a current of 
1 ampere flowing for 1 second. 

InUTnational uinpcre = that unifumi ciirrent w'liich will de|N)sit O-OOlllBOO g. 

Ag |KT second from a standard AgNO^ solution. 

For definitions of absolute electrostatic and electromagnetic units of charge 

etc., see Table I, 2. 


liiternutional amp. 

,, olini 

,, coulomb 
„ hcnr>- 

„ volt 

Atomic Mt. of electron 

Muss of electron r, 

Moss of H atom 
Muss of proton 

Muss H atom 
^ ]\lass clectnm 
Mass proton 
Muss cleclrnn 
SfK-cirie charge of proton = 
Kleetron charge ; 


O-DOIIHO ± » 00(M)2 nbs.amps. 

1-00048 ± 0-00002 ubB.olim. 

‘ O-OOOHO ± 0-00002 abs.coulomb. 

MKKH.8 ± O-0iK>02 abs.lirnry. 

1-0(Ki:i4 ± o-ooooa abs.volt. 

: 1-00020 ± 0-(KX)04 ubs.joule. 

1 ( 5 -ttfi 2 ± O-MIIT). 10 - ‘ (phyiiical Kale), 

nr ( 5 - 4 UT ± 0 - 0017 ). !»-* (chcniicBl Kale), 
'r, /m,= (F/\j)/e,/»i, (»-1060 4 - 0 - 0032 ). 10 “ g. 

H/A,, = (l-r.73aii ± 0-00(B1). 10 “ R. 

= (l-«7248 ± 0 00031). l(r" g. 

= 1837-.5 i 0 3. 


r/- 


Uutio 


=- 1830-5 ± 0-5. 

: nf protun — 0578-7 ± 1-0 al)s.e.m.ii.g.~^. 

FjSji ^ (1-0020:1 + 0-00034). ir” ab8.e.in.u. 

=:: (4-8025 ± 0-0010). 10'*“ abs.c.s.u. 


aSpi-cifie electron cluirgc Wluig = (1-7502 ± 0-000.1). 10’ ai)s.e.m.u.g.“*. 

=:= (5-2736 ± 0-0015), 10*’ iibs.e.s.u.g.-». 
Ratio (if e.s.u.: e.m.ii. units of elecdrical charge = 

c = velocity of light, (see above). 

%" ('*■13^0 ± 0 0(K»7). ir’ crg.scc.-*e.m.u.-*. 

= (1-3703 ± 0-0002). KT” erg.8ec.e.8.u.-*. 


References: 

11. T. Bihge, Rev. Mod, Phys., 1041, 13. 2;i8. 

Sec also; 

U. SriUaE, Z, Physikj 1943, 121, 24. 

H.L. C'UBTis, J. Res. Nat. Bur. Stand., 1044, 33, 235, 
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TABLE 

DIUKNBIONS AND DEHNITIONB 
Units are those proposed by the Report of the 

has the value 1 in e.B.u. or e.m,u. if s and /i are 
In e.B.u. s = 1 , fissiji* . 
B and fi UK connected by — = c* and e/i = L“*r", m, L and T 


Quantity 

Symbol 

Defining 

equation 

Electrostatic 

unit 

Electromagnetic 

unit 

Chaige 

9 

Force = 

Atn' 

fr* 

i = -^~ 
dr 

Unit diarge repels 
an equal riiargc 1 
cm. away in vuc. 
with force of 1 
dyne. 

Unit charge per sec. 
is delivered by unit 
current. 

Current 

% 

i =r, dq!^' 

H = an ilr 
— magnetic field in 
coil of BRii a and 
radius r of n turns. 

Unit current de¬ 
livers unit charge/ 
sec. 

Unit current flowing 
round 1 cm. arc of 
circle of radius 1 cm. 
produces unit magne¬ 
tic field at centre. 

Potential 
difference 
or e.m.f. 

E 

or 

Energy =: £ F 
Rate of 
working — Ei 

Unit c.m.f. confers on unit cliargc ability 
to perform 1 erg of work. 

Resistance 

R 

E = iR 

Unit lesistance allows unit e.m.f. to pro- 
ilucc nassage of unit current. 

Enagy 

w 

w = force. distance 

Unit energy is expended when 1 dyne 
acts tlirough 1 cm. 

Pbwer 

W 

Power = dw/dT 

Unit energy per sec. 

Capacity 

C 

fli 

Energy = — 

2C 

Conductor on which 
unit chaige can be 
placed with ex¬ 
penditure of 1 erg 
of work. 



13 
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1.2 

OF KLBCTRICAL UMITB 

Intemational CongreBe on FhyiicB, London, 1B84. 

the dideofcric constant and penneability of Itee space. 

In e.ni.u. e « l/c*, « i , 

me the standard notations for mass, length and time respectively. 


Practical 

unit 

Practical unit in 



Dimensions of 
unit expressed 
in c.m.u. 

e.B.u, 


Sj 

coulomb 

S.IO* 

10-‘ 

e 


/*-VwViV. 

ampere 

8.10* 


e 


r‘W/iV<p-i 

volt 


10" 

J/c 



ohm 


10" 

i/f 

r^L-^T 


joule 

10’ 

10’ 

■ 

mL*r^ 


watt 

10’ 

i(r» 

D 



farad 

>.1(F 

i(r» 

1 

eL 
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TABLE I, 2 


Quantity 

Symbol 

Defining 

equation 

Electrostatic 

unit 

Electromagnetic 

unit 

Inductance 

1 

E = LdildT 


Conductor in whidi 
unit change of current/ 
sec. produces unit 
e.m.f. has unit L. 

Magnetic pole 

■ 

Force — 

A mm* 

y’V 


Unit pole repels equal 
pole 1 cm. away with 
force of 1 dyne. 

Magnetic flux 

0 

Midi = -E 


Unit e.m.f. is induced 
in a circuit when 0 
through it changes at 
the rate of 1 unit, 
(iimxwell/sec.) 

Magnetic 
induction or 
flux denrity 

B 


Unit magnetic flux 
per cm," (gauss) 


Magnetic field 
intensity 

11 

fHdl =4nani where 
1 is the length of 
circuit carrying a 
current of t. Force 
on pole m = mil 


Magnetomotive force 
round a circuit =work 
dune in taking unit 
pole roimd it = line 
integral of magnetic 
field intensity == force 
exerted on unitN pole; 
unit = ] oersted. 

Electric field 
intensity 

1 

—F= differential 
of ^ mth respect 
to distance 

Space variation of 
^ potential or elec¬ 
tric intensity = 
force exerted on 
unitpositive charge. 
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(CM<n«ei() 


PiBCtical 

Pmetical unit in 

e.m.u. 

DlmensionB of 
unit expressed 
in e.B.u, 

Dimensions of 
unit expressed 
in e.m.u. 

unit 



e.B.u. 

henry 

V,.i(r“ 

10" 

I/e* 

r-iL-iT" 


maxwells 
=: in volt./sec. 

V,.io- 

10> 

1/e 



10" maxwells 
= 1 volt^Hec. 

V,.io- 

10" 

lie 








p/wVii-ViT-i 

10“* oersted 

o.io* 

lOri 

c 

e'W/i’/iT-i 


volt/cm. 

V,.ir' 

10" 

lie 
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TABLE I, 8 

CONVEBBION FACTORS 

ENEBOY FACTORS 

That an factan by whieh the giom value musl be mtMplied lo oUoin that vahtein 

(he aoughi unib. 


eig/mokcule 
cm.~^ j/moleciile 
e-voh/inoleciik 


wr/ 

molecule 

molecule 

e-volt/ 

molecule 

cal./molecule 

1 

6-048.10“ 

•■262.10» 

1-441.10“ 

1-981.10-“ 

1 

1-289.10-« 

2-864 

1-S9B. 10-“ 

B-0T4.10* 

1 

2-804.10* 
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Electrical Uniia: Far converaian factorafor electrical unite see Table 1, 
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XIV 


2. Data on Physieal 


TABLE 

PHYSICAL CONSTANTS OF 


Compound 

CiyosGopic 
const, for 
1 g.mol. 
in 1000 g. 
solvent 

EbuUioscopic 
const, for 

1 g.mol. 
in 1000 g. 
solvent 

Viscosity 
in c.g.B. unit 

Sp. conductance 
in mlio.cm.''^ 

Dielectric 

constant 

(static) 

n-Pentane 



0-0028D5 


1-B45 




(!W) 


(20") 






(•■) 

n-Hemne 


2-83 

0-(r0387 


1-D04 




(15‘) 


(15") 



n 



(") 

n-Heptane 



0 00833 


1-078 






(20-) 






(“') 

n-Octane 


4-02 

0-00542 


1-0G2 




120") 


(20") 



(") 



(“-) 

Cyclohexane 



0-01056 


2-012 


nn 


(13») 


(25") 






(».) 

Benzene 

5-227 


0-00096 

5-82 - 4-48. ir” 

2-2025 




(15") 

(18") 

(15") 


(“) 



C) 

(“) 

Tohiene 


3-8B 

(1-00028 

1-4.10-“ 

2-8601 




(IS") 


(25") 



(") 


(“) 

(U.) 
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Properties 


n. 1 

HOME OB6AN1C COMPOUNDS 


Dipole 
momeat 
in Debyes 

Specific 

heat 

Refractive index 

Boiling pt. 
”C. 

Freezing pt. 
"C. 

DeM'ty 

0 

0-54 

1-85740 

86-00 

—129-68 

0-62632 20” 


(10-8 “C.) 

I) 20“ 



4”vbc. 

(“) 

(") 

(") 

(.7.) 

(.7.) 

(.7.) 

0 

0-53540 

1-87486 

68-71 

—05-89 

0-69545 20” 


(17-71") 

D 20’ 



4”vac. 

(■") 

(") 

(“*) 

(.7.) 

(.7.) 

(.7.) 

0 

0-527 

1-88764 

084 

—00-62 

0-06865 20” 


(21-04") 

D (20”) 



4" 

(1.7) 

(...) 

(") 

(.7.) 

fl7B) 

(171) 

0 

0-526 

l-a8748 

125-667 

—58-708 

0-69B55 25” 


(25-14") 

D (20°) 



4” 

(“) 

(”) 

(...) 

(.7.) 

(.7.) 

(17.) 

0 

0-4411 

1-42028 

80-738 

0-554 

0-77389 25” 

("') 

(lB-3‘) 

D (20°) 



4“ 

(1.) 

(”) 

(") 

(...) 

(.7.) 

(17.) 

0 

0-41441 

1-50110 

80-103 

5-588 

0-87888 25° 

(") 

(21-80”) 

D (20”) 



4- 

(“) 

(IN) 

(IN) 

(.7.) 

(.7.) 

(17.) 

0-4 


1-40082 

110-020 

-04-001 

0-80281 25° 


(85") 

D (20°) 



4" 

(“) 

(•“) 

n 

(™) j 

("•) 

(.7.) 
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TABLE 11, 1 


Compound 

Grynsoopic 
const, for 
1 g. mol. 
in 1000 g. 
solvent 

EbuUiosoopic 
const, for 

1 g. mol. 
in 1000 g. 
solvent 

Viscosity 
in c.g.B. unit 

Sp.oonductanoe 
in mho.cm.~^ 

Dielectric 

constant 

static 

Methanol 


0-B4 

0-00544 

8.10-’ 

81-8 




(25") 

(25°) 

(W) 



(“) 

n 

(“’) 

(11.) 

Bthanol 

e.» 

iao±oo 2 i 


1-85.10-* 

25*00 




(W) 

(26°) 

(20*) 


(“) 

(“) 

(••) 

(“) 

(IT.) 

n-PropanoJ 


1*50 

o-oioeoe 

0-17. wr* 

222 




(25*) 

(15°) 

(20*) 



(•) 

(“*) 

(“) 

(IT.) 

iBo-Propanol 



0-02480 

0-51. iir* 

18-8 




(20P) 

(25°) 

(18°) 




(") 

(II.) 

(“) 

n-Butanol 



008878 

8-12.10-* 

17-7 




(15°) 

(25°) 

(17.2°) 




(HI) 

(") 

(“) 

Iso-Butanol 


201 

0-04708 

0-8. ir' 

17-05 




(15°) 

(25°) 

(25°) 



(•) 

(’“) 

(IH) 

(■) 

Ethylene glycol 



0-1788 

1-16.10-* 

41-2 




(28°) 

(25°) 

(20°) 




(") 

(") 

(“) 

Glyoerol 


■■ 

1000 

0-0.10-» 

15-8 


Hi 


(20°) 

(25°) 

(21°) 


HO 


(*) 

(■) 

(“) 
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(CbnAiwd) 


Dipole 

inDebyei 

Specific 

heat 

Refractive index 

Boiling pt. 
°C. 

Freezing pt 
"C. 

Dnilty (8*1)1 

1-M4 

0-6066 

1-88067 

64-75 

—07-68 

0-76668 26'’ 


(lO-OS*) 

D (15") 



4° 

(“•) 

r) 

(") 

(II.) 

n 

(“) 



1-8014 

78-88 

-114-40 

0-788008 20° 



D (20°) 



4“ 

(*•) 


(") 

D 

(IN) 

(II.) 

1-06 

0-681 

1-88548 

07-18 ± 0-01 

—12610 

0-00085 20° 

(“') 

(10") 

D (20°) 



4° 

(•') 

(") 

(“) 

(■) 

(") 

(") 

100 

0'500 

1.87538 

82.258 

-80-5 

0-7880 25* 


(!W) 

D (25°) 




(■) 

(“) 

(“•) 

1 

1 (“) 

i 

(».) 

(") 

106 

0'605 

189711 

117-72 ±0-01 

-00-2 

0-81887 15° 


(20-9“) 

C (20°) 



4° 

n 

(•') 

(...) 

(•■) 

("’) 

n 

1-79 

0-710 

1-8089 

100-10 

—108-0 

0-80570 15° 


(21') 

D (25°) 



4° 

n 

(’■) 

n 

(Ul) 

C) 

n 

2-28 

0-575 

1-4820 

107-2 

-12-8 

1-118008 20" 


(lD-0^) 

D (10°) 



4° 

n 

(") 

(") 

n 

n 

(in) 


0-5705 

1*47280 

200-6 

18-10 

1-2018 20° 


(20-8-) 




4° 


(••) 


(■) 

C) 

(") 
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TABLE II, 1 



Acetic acid 8-g 3-075 0-01282 11-2.10-' 0-13 

(V. diy) (20°) (25°) (20") 

(") (“) («) (“) (“•) 


Acetic anh^de 3-58 0-0110 0-48. lO"* 20-7 

(18") (25") (18-5") 

(U) (11) (lU) (lai) 
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PHYSICAL PROPERTIES 


021 


{CanHnwd) 


Dipole 
momcDt 
in Debyes 

Specific 

beat 

Hefhujtive index 

Boiling pt. 
"C. 

FVeesing pt. 
“C. 

Deutty (e^)t 

1.16 

0-551 

1-85556 

84-60 

-116-8 

0-71986 15° 


(16-84°) 

D (15“) 



4“ 

(•’) 

m 

(U.) 

(Ml) 

(“•) 

(lO) 

0-4S 

0-415 

1-4202 

101-50 

11-05 

1-02B02 25“ 


(18“) 

D (25“) 



4“ 

(“) 

n 

(“) 

(") 

(”) 

(“) 

2-74±0'02 

0-5176 

1-86157 

66-11 

-94-82 

O-7B0B5 20“ 


(20°) 

D (15°) 



4°viic. 

(I..) 

("') 

(Ml) 

(") 

(“) 

(Ml) 

1-19 

0-S164 

1-87848 

100-8 

8-40 

1-22647 15° 


(17-66°) 

He (13°) 



4° 

0") 

(U.) 

(“•) 

(•") 

(“) 

1 

(") 

1-04 

0-488 

1-8608 

118-10 

16-63 

1-04022 20“ 


(10-5") 

D (25") 

i 


4" 

(") 

(”) 

n 

('■) 

(U,) 

(1.1) 

2-8 

0-482 

1-39220 

140-0 

—73-1 

1-0810 20° 


(23-86°) 

He (16“) 



4- 


(”) 

(».) 

(») 

(1") 

("■) 
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Compound 

Ciyoioopu: 
const for 
1 g.mol. 
inlOOOg. 
solvent 

Ebullioiflopic 
const, for 
in g.mol. 
in 1000 g. 
solvent 

Viscosity 
in c.g.B. unit 

Sp.oonductanGe 
In mho.cin.~^ 

Dielectric 

ooDStant 

static 

Methyl acetate 


2-ogi 

n 

0-00882 

(BO-g") 

(') 

1-828.10-* 
(ir) 

(•) 

8018 

(18.5") 

(") 

Ethyl acetate 


2-88 

(") 

0-00424 

(25") 

(“) 

< 1 . nr' 

(2S‘) 

(") 

6-11 

(atn 

n 

Etliyl chloride 


1B5 

(*) 

88-7. nr' 
(O') 

<8.10-* 

(O') 

(1,1) 

0'2D 

(170^ vapour 
ill crjnt;ar.i wlMi 
liquid) (10) 

Cliloroform 

4-II0 

(•) 

8-66-S-Ul 

(“) 

0-005D6 

(IS”) 

(lit) 

i 

<ir« 

(25”) 

(“*) 

4-6417 ± 0-01 
(25”) 

(“) 

Carbon tetrachloride 

2B-8 

(") 

4-88 

(’) 

U-O095H 

(lO'Bl*’) 

(”) 

4.10-“ 

(!»“) 

n 

2-218 lb 0-002 

(2S“) 

(“) 

Trichlorethylene 

— 

(i») 

0-005480 

(25") 

(“) 

Immeasurably 

small 

(II.) 

8-42 

(10") 

r) 

Nitrobenzene 

e-gg 

n 

8-2T 

(") 

0-0182 

m 

n 

1-22.10-* 
(28-6'*) 

(114) 

84-0B8±0O07 

(25") 

(“) 

Carbon disulphide 


2-88 

(•) 

0-00867 

(2ir) 

n 

< 8-7.10-* 
(25”) 

(“) 

2-6818 

m 

(") 
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PHYSICAL PBOPEBIIEB 


(CmnHnvied) 


Dipole 
moment 
in Debyes 

Specific 

heat 

Refiractive 

index 

Bollinj^ pt. 
“C. 

Fieezingpt. 

T, 

Deniity 

1-74 


1-80148 





(1B<42°) 

D (20") 




(■") 

(’■•) 

C) 




IBl 

0-450 

1-87243 

77-112 

—8300 

0-80058 20° 


(a0'44°) 

D (20") 



4" 

(") 

(HI) 

(") 

(“) 

(».) 

(”■) 

20;i 

o-BO»n 

1-87B0 

12-28 

—188-80 

0-91708 6° 


(—28-fl#°) 

1) (0“) 



6" 

(“) 

(“•) 

(“') 

(14.) 

(“) 

(“-) 

MB 

0-2251 

1-44858 

01-27 

-08-40 

1-40845 15" 

1 

(1B9") 

D (15-) 



4" 

(") 

n 

(“-) 

(“-) 

(“) 

('“) 

0 

0-2022 

1-41040 

70-75 

-22-00 

1-58471 25° 


(ig-B*) 

D (20") 



4" 

(“‘) 

(.») 

(•") 

(") 

(“) 

(") 

0-8 

0-228 

1-470141 

80-05 

—80-4 

1-4049 20° 


(SO-) 

D (ir) 



4" 

(•“) 

(") 

n 

("•) 

("•) 

(-) 

4-24 

0-844S 

1-55261 

209-6 

5-77 ± 0-02 

1-1888 25° 


(W) 




4° 

(■") 

(-) 

(“) 

n 

(") 

pi.) 

0 

0-242 

1-88188 

40-25 

—111-58 

1-2682 20° 


(80-) 

D (16-) 



4° 

(™) 

r) 

n 

pU) 

(“) 

(") 
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TABLE II, 1 



Cryosoopic 

constant 

EbuUioscopic 

conatant 

Viscosity 
in o.g.8. unit 

Sp.conductBnce 
in mho.cni,~> 

Dielectric 

constant 

Aocuiacy of fijpires 
in the respeetive 
columns. 

±02- 

±0-3 

±0 08-±010 

±1% 

d; 1% but 
NeScilBOEDEB* 

±0-01 

except where 
otherwise 
stated 


* N.D. SciiROEDKH and Jaffk (1, 2) luivc shown that conductantics of ordinarily 
pure orguiiii* inateriuls may cnnsidcrahly lie reduced by pre-eleetrolysis. 

J. SciiHOEiiER, Am. Phys.. IQUO, 29,125. 

>) G. 3An% ibid., 1901), 28, .320. 

t Density; for neample = density at 20 “C. relative to H,0 at 4 ®C., where 
lx = 20®, and — 4 ®C.; “vue" indicates corrected for varuuin. 

Refractive indices: letters D, C anil He refer to the Nai^ Nu^ and Hc^ lines 
lines respectively used for the nicusiireinents. 

Be/erences: 

^ M. P. Affledye, J. Oim. Soc., 1910, 200(1. 

* T. Titam, livU. Inst. Ites, Japan, 192T, 071; MU. Chm. Sac. Japan, 1D27, 
4, 0.1. 

* 0. A. Ball, J. CAefn. Soc., 19.30, 570. 

* A. Bartoli, Goss. cAim. ltd., 1894, 24, 11, 150. 

* E. Beckmann and F. Jcnkeii, Z. anorg. Vhm., 1007, 55, 080. 

' E. Beckmann, Z. physik. Chm., 1007, 57, 120, 140. 

^ £. Beckmann, Z.phymk.Vhm., 1907, 58, 543. 

* PI. Beckmann mid 0. Faust, Z. phyifik. Chem., 191.1, 89, 240. 

■ B. C. MacEwen, j. Chm. Soc., 102.3, 12.3, 2279. 

E. Beckmann and 0. Liesche, Z. physik. Chm., 1914, 88, 23. 

Pi. Beckmann, Z. physik. Chm., 1914, 88, 419. 

E. Beckmann and G. Lockehann, Z. physik. Chm., 1907, 89, 385. 

” E. Beckmann and P. WAntig, Z. onorg. Chm., 1010, 87,17. 

D. Behtuelot, Ann. Chim., 1870, 9, (5), 295. 
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» R. Bock, Z. Physik, 1925. 31, 534. 
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B. Briegleb, Z. physik. Chm., 10t30, 10, (B), 205. 

D. L. Pollock, A. R. Cdllett and C. L. Lazzell, J. Phys. Chm., 1040,50, 23. 
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[CmHnu^ 


Dipole 

moment 

inDebyea 

Specific 

heat 

Refractive 

index 

Boiling pt. 
“C. 

Freezing pt. 
“C. 

Denetty (8*j)t 

±01 

Debye 



±0-012 

-0-04 

±0-02- 

0*04 

± O-OOOS—0-00005 
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2011, 201. 
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TABLE II, 2. 

ENTEOPIES Sq of 10N8 IN AQUEOUS HOLITTION AT 25 "C. 

(in cal.degree~i. inori), with rcfeieuce to Sg, b' — 0 


H' 

000 



Se" 

-*8t 

Ir"” 

—106 



Li' 

4-7 

± 

1-0 

Y*** 

—34t 

U’"’ 

—67-8t 



Na' 

14'0 

± 

0-4 

Ga” 

-68 t 

OH' 

2-48 ± 

0-06 

K' 

24-2 

± 

0-2 

In'" 

—42t 

F' 

2-0 

± 

2 

Hb' 

28'7 

± 

0-7 

TI'" 

—85t 

cr 

18-50 


t 

Cs' 

81-8 

± 

0-0 

As"’ 

—cot 

Br' 

19-7 


t 

NH,- 

200 

± 

0-0 * 

Sb- 

-*8t 

V 

26-8 


t 

Ag' 

17-54 ± 

0-15 

V" 

—05t 

10.' 

28-0 

± 

1-0 

Aij(NH,)‘ 5T-8 

± 

1-0 

Cr"' 

—65t 

HS' 

14-0 

± 

1-0 

Tr 

30-5 

± 

0-4 

Mn'" 

—50t 

HSOg' 

32-6 

± 

1-5 

Mg." 

10-7 

± 

3 

Fl 

—01 ± 5 

SOj" 

8 

± 

3 

Be" 

—27 


t 

Rh- 

—cot 

HSO/ 

80-0 

± 

2 

Mg" 

31-0 

± 

3 

Si"" 

—177t 

so/' 

4-4 

± 

0-5 • 

Cu" 

—12-7 


0-0 ♦ 

Ti" 

—loot 

NO/ 

29-0 

± 

1 

Sr" 

—7-3 

± 

1-5 

(ic"" 

—157t 

HgPO/ 

21-G 

± 

0-8 • 

Ba" 

2-3 

± 

0-8 

Zr"" 

-Hit 

IIPO4" 

8-7 

± 

1-0 * 

Cu" 

—20ri 

± 

1-0 

Sn"" 

-86 t 

POg'" 

—52 

± 

2 • 

Zn" 

—25-7 

± 

1-0 

Pb"" 

-H4t 

HgAsOg 

' 28 


1-0 * 

Cd’ 

—16-4 

± 

1-5 

Th"" 

—C5t 

HCO/ 

22-2 

± 

0-8 

Sn" 

—40 

± 

1-0 

V— 

—U4t 

CO," 

—180 

± 

1-0 

Pb" 

3D 

± 

00 

Nb"" 

—1011 

C,0/' 

0-6 

± 

1-0 

Fe" 

-25-8 

± 

1-0 

Mo"’ 

—io«t 

CN' 

25 

± 

5 

Co" 

—27 


t 

Te”’ 

—70t 

MnO/ 

46-7 

± 

0-4 

Ni" 

—31 


t 

Ru- ” 

-lost 

CrOg" 

10-G 

± 

1-0 

Mn" 

—lO'l 


t 

W ” 

— lost 





Al" 

—76 

±10 

0»”” 

—104t 






Kefemices: 

W. M. LATiMEn, K. S. PmEii and W. V. Saiitii, J. Am. Chem, Soc., 1038, 60, 1820. 
* C. C. Stephenson, J. Am. CJicm. Soc., 1041, 06, 1430. 
t A. F, Kapustinsky, Ada Physicochim. U.U.S.S,, 1041, 14, 508. 

1 F’or conversion to ulMolutc entropies a value of 5, for H* given by H. Pahsons 
and J. O'M. Bockris {Trans. Faraday Soc., 1051), os —4-0 c.ii. may he used. 

' Entropies of rare earth metal ions are given by A. F. Kapustinsky (Zoc. ctf.). 
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TABLE II, a 

TOTAL (ELECTBONIC + ATOMIC) FOLARISABIUTHES (do) OF lONB AND MOLECtllMB 


Ion or 
molecule 



. 10** cm.* 

Ion or 
molecule 



Og. 10** cm.* 

Li- 

Ref. 1 

0 075 ±0-02 

Ce"" 

Ref. 

6 

1-20 

Na- 

If 

1 

0-81 ±002 

F' 

II 

1 

0-69 ±0-08 

K- 

fi 

1 

0 B7 ±0 02 

CV 

II 

2 

8-02 ±0-02 

Rb* 

II 

1 

1-81 ±0-02 

Br' 

II 

1 

4-17 ±0-02 

Cb- 

II 

1 

2<70 ±0-02 

1' 

II 

1 

0-28 ±0-02 

Cu- 

II 

5 

1'81 

0" 

II 

5 

2-70 

Ag‘ 

II 

5 

1-86 ±0-02 

S" 

II 

5 

5-00 

Be- 

•1 

5 

0-085 

Se" 

II 

5 

6-42 

Mg" 

II 

1 

012 ±0 02 

Te'" 

II 

5 

0-00 

Ca- 

II 

5 

0-531 

He 

II 

1 

0-20 

Sr" 

II 

1,6 

1-42 ±0-02 

Ne 

f 1 

1 

0-802 

Ba' 

If 

5 

1-60 

A 

II 

1 

1-68 

Cu" 

II 

5 

0-670 

Kr 

II 

1 

2-46 

Zn" 

II 

5 

0-114 

Xe 

II 

1 

4-00 

Cd" 

II 

5 

0-06 

Na 

II 

8 

29-7 

Hg- 

II 

5 

1-90 

Hg 

II 

8 

10-43 

Pb" 

II 

5 

4-84 

H, 

II 

4 

0-787 ±0-02 

Al- 

II 

1 

0-065 ±0-02 

0, 

II 

8 

1-80 ±0-01 

Sc- 

II 

5 

0-882 

N. 

II 

8 

1-73 ±0-02 

Y- 

11 

5 

1-02 

CO 

11 

4 

1-844 ±0-02 

La" 

If 

5 

1-58 

H|0 

II 

8 

1-444 ±0-02 

C-- 

II 

5 

0-012 

H|S 

II 

8 

8-042 ±0-02 

Si— 

II 

1 

0-034 ±0-02 

SO. 

II 

8 

8-774 ±0-02 

Ti " 

fi 

5 

0-272 

X,0 

M 

3 

2-021 ±0-02 

Zr 

II 

5 

0-800 

0. 

II 

3 

2-845 ±0-02 


References: 

^ M. Bohn and W, Heisenberg, Z. Phyeik, 1024, 23, 88B. 

■ C. F. J. BSttcueh, Bee. Trao. Chim., 1943, G2, 325. 

■ C. CuTHBERTSON, Ptoc. Roy, StK., 1909, A. 113, 171; Phil Trans., 1914, 218. 
* A. Van Ittebbeek and K. de Clipeuer, PhysUa, 104B, 14, 840. 

■ F. C. Frank, Trains. Faraday Sac., 1087, 33, 513. 
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TABLE II, 4 

MOLAB REmCnON R OF BALT8 IN AQUEOUS SOLUTION AT SiST. AT INFINITR 
DILUTION FOB THE WAVE LENGTH SSTS'OB A. (Nbh^). 


■ 

NaCl 

KCl 

NaBr 

ViSrCl, 

NH(NO, 

Vh\b,SO, 

9-282 

ii-2Ba 

12'825 

lO-DRO 

15*817 

7-547 

■ 


Accurate to ±0-005 cm.’ 


Rr/. 1. 


OHAM IONIC BEFBACTION FOR IONS IN AQUEOUS SOLUTION AT 25 AT 
IKHNITE DILUTION FOR WAVE LENOTIl 5875 02 A. 


Ion 

Brm.* 

Hefcrcnee 

Ion 

A cm.' 

Refere 

Nb' 

0-200 

1 

Cl' 

D-082 

1 

K’ 

2'264 

1 

Br' 

12-025 

1 

•/.Sr" 

0-058 

1 

V,S0," 

7-847 

1 

•/.Bb" 

2-185 

2 

F' 

280 

2 

V.Cb" 

0-355 

*} 

m 

OH' 

5-10 

2 

m' 

0-00 

2 

I' 

19-23 

1 

NH,’ 

4-30 

1 

CIO,' 

18-240 

1 

V,Zr" 

0-80 

1 

H,0 

1 8-7156 

1 

1 


Refemcea: 

^ A. Khuis, Z. physik. Chm., 1950, 34 B, 51. 

’ Optical properties of electrolytic solutions. G, KohtCm, jSrimmliing CAem. und 
Clitm. keh. Fortrdje, Stuk^arl, 1080, 43, .57, 

See also L. Pauling, Pm, Roy, Site., 1927,114 A, 181. 
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TABLE II, 5 


CRYSTAl. IONIC RADH OF ELEMENTS 


Element 

radii in A 

Element 

radii in A 

H' 

2-08 (2-08) 

Ge"" 

0*58 (0*76) 

He 

(0‘B8) 

As 

0*47 (0*71) 

LI- 

0 60 (O-OO) 

Se . 

0*42 (0*00) 

Be" 

0-81 (0-44) 

Br . 

0-38 (0*02) 

B- 

0-20 (0-85) 

Gc"" 

2*72 (8*71) 

c— 

0-15 (0-20) 

Aa'" 

2*22 (2*85) 

N . 

0-11 (0-23) 

Se" 

1-OB (2*82) 

0. 

0 00 (0-22) 

Br' 

I DS (I DS) 

F. 

0-07 (010) 

Kr 

(1*09) 

C«// 

2 00 (414) 

Ub' 

1-4S (1-48) 

N"' 

1-71 (2-47) 

Sr" 

M3 (1*82) 

0" 

1-40 (1-76) 

Y»*« 

0*08 (1-20) 

F' 

1-30 (l-aSO) 

Zr"" 

0-80 (1*09) 

Ne 

(M2) 1 

Nb . 

0-70 (1-00) 

Na- 

0-83 (0-93) 

Mo . 

0-02 (0-98) 

Mg" 

0 03 (0-82) j 

Ag- 

1-20 (1-20) 

Al'" 

0*50 (0*72) 

Cd" 

0-97 (1-14) 

Si"" 

0-41 (005) 1 

i In- 

0*81 (1-04) 


0-84 (0-39] 1 

Sn— 

0-71 (0-08) 

S. 

0*29 (0*53) j 

Sb. 

0-02 (0-89) 

Cl. 

0-26 (0-49) 'j 

Tc. 

j 

0*50 (0-82) 

Si"" 

2*71 (8-84) j 

! 1. 

0-50 (0-77) 

p//f 

2*12 (2*79) 1 

Sii"" 

2-94 (8-70) 

S" 

1-84 (219) I 

Sb'" 

2-45 (2-93) 

Ci' 

1-81 (1*81) 

Tc" 

2-21 (2-50) 

Ar 

(1*54) 

1' 

2*10 (210) 

K- 

1*83 (1-83) 

Xe 

(100) 

Ca¬ 

0*99 (1*18) 

Cs' 

1*09 (1-09) 

se" 

0*81 (100) 1 

Ba" 

1-85 (1-58) 

Ti"" 

0*08 (0 00) 

La"* 

1*15 (1-89) 

V . 

0-59 (0*88) 

Ce"" 

1 

1-01 (1-27) 

Cr . 

0*52 (0*81) 

Ah' 

1*37 (1-87) 

Mn. 

0*40 (0*75) 1 

Hg" 

1*10 (1*25) 

Cii’ 

0*06 (0*99) 

Tl- 

0-95 (1*15) 

Zn" 

0*74 (0*88) 

Pb"" 

0*84 (1-06) 

Ga'" 

0-62 (0*81) 

Bi . 

0*74 (0*08) 


Umvalent crystal radii of ions are given in brackets. Accurate to ±1%. 

L. Pauung, J. Am, Chem. Sac,^ 1027, 49, 771; Idem^ Nature nf Uk Chemical Bond, 
Ithaca, 1948. 
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TABLE II. 6 

INTESATOIIIC COVALANT BOND DISTANCES IN A, 


H 

0*80 



B 

C 

N 

0 

F 

Single-bond radius 

OHH 

0*77 

0-70 

O-flB 

0-64 

Double-bond ,, 

0-70 

007 

0-61 

0-57 

0-55 

Triple-lKind ,, 

0G8 

0-80 

0-55 

0-51 




Si 

P 

S 

Cl 

Single-lMind radius 


M7 

MO 


0-90 

Doiiblc-lKiiid ,, 


107 

100 

005 

0-00 

Tri|ile-bond ,, 


1-00 

0-03 

O-BB 




Ge 

As 

So 

Hr 

Single-bond radius 


1-22 

1-21 

1-17 

1-14 

Doublr-lmiid ,, 


112 

Ml 

1-OB 

105 



Sn 

Sb 

Te 

I 

Single-bond radius 


1-40 

1-41 

1-37 

1-33 

Double-bond ,, 


vm 

1-31 

1-2B 

1-24 


Bond 

Substance 

Method^ 

Onc-liuir of 
obs. distance 

Assigned * 
radius 

c-c 

Diamond 

x-ray * 

0-771 

0-77 

F-F 

!•’. (g) 

E.D. * 

0-73 

0-64 

Si-Si 

Si (0) 

X-ray 

M7 

1-17 

P-P 

P. (g) 

E.D. ■ 

1-10 

1-10 

P-P 

P (c) (black) 

X-ray • 

1-09 

1-10 

S^S 

S, (r) 

X-ray “ 

1-05 

1-04 

s-s 

s, (g) 

E.D. • 

1-05 

1-04 

Cl-Cl 

Ci,(g) 

Sp. • 

0-D02 

0-99 

Gc-Ge 

Ge (c) 

X-ray 

1-22 

1-22 

As~Ab 

As.(b) 

E.D. ® 

1-22 

1-21 

Ab--As 

As (c) 

X-ruy 

1-25 

1-21 

Sc^-Se 

Sc (c) 

X-ray 

1-16 

1-17 

Br-Br 

Br,((') 

Sp. 

1-140 

1-14 

Sn—Sn 

Sn (c)(grey) 

X-ray 

1-40 

1-40 

Sb-Sb 

Sb (c) 

X-ray 

1-48 

1-41 

Tc-Te 

Tc (c) 

X-ray 

1-88 

1-87 

I-I 

1. (g) 

Sp. 

1-88 

1-83 


f ss crystiil; g ss gas. Accumi'y: - **%■ 


* Svi: discussion in Pauling, Suture of the Chanical ilond, Ithaca, 1048. 
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TABLE II, 6 (CMimied) 

Refermeea: 

^ “X^ray" sipiifies the X-ray study of crystalB, £.D. the electmn-diffnicUon study 
of gas molecules, and Sp. the spectroscopic study of gas molecules. 

* L. 0. Brockway, J. ilin. Chem, Soc,, 1D88, 60, 1848. 

* L. R. Maxwell, V. M. Mosley and S. B. Hendbtckb, J, Ctoa. Phya., 1B85, 8, 
008. 

* B. Hultoben and B. E. Wabben, Phya. Rev., 1085, 47, 808. Approximately the 
same value is found also in amorphous red phosphorus, amorphous black phos¬ 
phorus, and liquid phosphorus, C. D. Thomas and N. S. Ginobicu, J. Chfm. Phya., 
1008, 6, 050. 

* B. E. Wabben and J. T. Bubwell, J. Chem. Phya., 1985, 8, 6. 

” L. R. Maxwell, S. B. Hendricks and V. M. Mosley, Phya. Rev., 1080,40,190. 


TABLE 11. 7 

electron work functions of metals 


Metal 

Electron Work 
Function 
in e.volt 

Metal 

Electron Work 
Function 

in e.volt 

Metal 

Electron Work 
Function 

in e.volt 

Li 

140 

Cu 

4-40 

Tc 

4-70 

Be 

8-10 

Zii 

3'66 

Ba 

1-73 

Na 

1-60 

Ga 

3-BO 

Ta 

8-OG 

Mg 

8-58 

Gc 

4-50 ! 

W 

4-38 

Al 

8-88 

Se 

4-42 

Os 

4-55 

K 

1-00 

Zr 

3-60 

It 

4-57 

Ca 

8-88 

Mo 

4-48 

Pt 

4-52 

Ti 

4-14 

Rii 

4-52 

Au 

4-46 

V 

4-44 

Hh 

4-52 

Hg 

4-50 

Cr 

4-88 

Pd 

4-40 

Tl 

3-84 

Mn 

4-14 

Ag 

4-44 

Pb 

3-04 

Fe 

4-40 

Cd 

4-00 

Bi 

4-17 

Co 

4-21 

Sn 

4-00 

Th 

8-48 

Ni 

4-82 

Sb 

4-14 

U 

4-82 


Accuracy: ±0-08 e.volt. 

From O. Klein and £. Lanoe, Z. EUktrochem., 1088, 44^ 558. 
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TABLE II, S 

BUCCBBBIVB lONlBATION FOTENHAUB 1 OF THE ELHMENTB IK ELECTBON VOLTS 


Metal 

/mb' 

/mb- 

/mb— 


Be 

0 > 8 B 

87-4 



Us 

701 

22-6 

— 

— 

A 1 

6 -B 6 

24*1 

58-0 

_ 

Ca 

0-00 

17-0 

— 

_ 

Cr 

0-74 

28-8 

604 

_ 

Mn 

7-80 

23-1 

— 

_ 

Fe 

7 -H 8 

24-8 

— 

_ 

Ni 

7-61 

25-8 

— 

— 

Zn 

0-80 

27-2 

— 

— 

As 

10-5 

80-0 

58-8 

— 

Sc 

0-70 

— 

— 

— 

Sr 

5-07 

16-7 

— 

— 

Mo 

7-00 

— 

— 

— 

Cd 

8-90 

25-8 

— 

— 

Sn 

7-08 

21 -B 

52-8 

02-8 

Ba 

5-10 

15-1 

— 

— 

W 

8-1 

— 

— 

— 

Pt 

8-0 

— 

— 

— 

Pb 

7-88 

22-4 

— 

08-2 


Aeeunii'y: ±0-03 c.volt. 

0. Klein and E. Lange, Z. ElefcfrocAem., 1088, 44, 501. 


TABLE II, D 

D1ELRCTH1C CONSTANT OF WATER. VARIATION WITH TEMFEBATUBE 


r"C. 

E 

i "C. 

B 

rc. 

B 

0 

— 

25 

78-54 

56 

68-82 

5 

■H 

80 

76-75 

00 

06-74 

10 

84-11 

85 

75-00 


68-08 

15 

82-22 

40 

73-28 

80 


18 

81-10 

45 

71-50 

DO 

57.08 

20 

80-86 

50 

00-94 

100 

55-88 


Values for the dielectric constant arc accurate to ±0-15. 

J. Wyman, Phys. Am., 1030, 35, 023. 

See also J. Wyman and K. N. Ingalls, J. Am. CAoit. Aoc., 1088, 00, 1182. 
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TABLE II, 10 

DIELECTRIC CONSTANTS OF IONIC CRYSTALS 


SubstRDCe 

e 

Static didectric 

ooDstant 

High frequency 
dielectric constant 

Substance 

6 

Static dielectric 
constant 

LiF 



PbO 

20 

LiCl 




18 

UBr 




14 

Lil 

11-08 

3-80 

Pb(NO,), 

17 

NaF 

6-0 

1-74 

PbCO, 

24 

NbCI 

5-02 

2-25 

j CuO 

18 

NaBi 

5-00 

2-02 

i FeO 

14 

Nal 

0-00 

2-01 1 

TiO, 

114 

KF 

005 

1-85 

! SnO, 

24 

KCl 

4-08 

213 

HgCl, 

14 

KBr 

4-78 

2-33 

1 PbMo 04 

24 

KI 

4-04 

2-00 

Pb.a(Po,), 

47-5 

RbF 

5-91 

1-03 

! 


RbCl 

5-0 

2-10 

■ 


RbBr 

TvO 

2-33 

1 PbO to Pb^CKPO,),: 

Rbl 

5-0 

2 - 0:1 

1 

Reference 2 . 

AgCl 

12-3 

4-01 

1 


AgBr 

131 

4-02 

1 

1 


MgO 

08 

2-05 

j 


CaO 

11-8 

3-28 1 

j 


SrO 

18-3 

3-31 1 

1 

1 


CbCI 

7-20 

2-00 : 

1 

1 


CsBr 

0-51 

2-78 

i 


Csl 

5-05 

3-03 ! 

1 


NH 4 CI 

o-eo 

2-02 1 

i 

i 


TLBt 

20-8 

5-41 



TlCl 

81-0 

5-10 

1 


CuCl 

10-0 

8-57 j 

i 


CuBr 

8-0 

4-08 1 

:■ 

i 


ZnS 

8-3 

5-07 ! 

i 

i 


BeO 

7-85 

2-05 



CaF, 

8-03 

1-00 



SrF, 

7-00 

2-08 



BbF| 

7-38 

2-00 



LiF to BbF| : Reference 1 . 




^ K. Hojknuahl, Kgl. Danake Videmk, SeUkab, 1008, 16, 2. 
> F. C. Frank, Trans. Faraday Sac., 1087, 38, 513. 
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TABLE II, II 

DENSITY (^) OF FUSED SALTS AT TEMPERATUBK f C, 


given by gi = a — b . HT* . («— y where t and fi are in "C, 


Compound 

a (g./cc.) 

b (g./cc./-C.) 


LiF 

1-7BB 

4*4 

850 

LiCl 

1*501 

4-8 

600 

NbF 

1-D42 

5-6 

1000 

NaCl 

1-505 

6-0 

850 

Nal 

2-6B8 

10-6 

700 

NaBr 

2-aoe 

7-2 

780 

NaOIl 

1-T71 

4-B 

850 

KF 

1-H7B 

O-OB 

BOO 

KCl 

1-580 

5-947 

750 

KBr 

2-106 

7-00 

750 

KI 

2-481 

10-22 

700 

KOH 

1-717 

4-4 

400 

HhK 

2-87.1 

9-7 

825 

lUiCl 

2-252 

8-7 

714 

KbBr 

2-6BB 

11-0 

700 

Bbl 

S-T08 

11-1 

700 

CbF 

a-nii 

12-8 

700 

CbCI 

2-780 

10*8 


CsBr 

8-125 

13-4 

650 

CbI 

8-175 

12-2 

640 

CuCI 

8-677 

7-9 

422 

Hg,Cl, 

5-90 

4-0 

525 

HgCl. 

5-118 

8*88 

240 

Bed, 

1-512 

11-0 

416 

MgCl, 

1-666 1 

2*9 

712 

KCl. MgCl, 

1-711 

7-8 

570 

CaCl, 

2-08 

4 

850 

SrCl, 

2-69 

4-5 

BOO 

BaCl, 

8-12 

0 

1000 

ZnCl, 

2-532 

5*8 

318 

ZnBr, 

8-405 

9-1 

500 

CdCl, 

8-32 

6-0 

600 

AlCl, 

1-83 

25 

190 

AH, 

2-78 

— 

382 

AlBr, 

2-20 

— 

265 

A1C1,.NH, 

1-504 

8-8 

125 

Na,AlF, 

2-04 

8-0 

1035 
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Compound 

a (g./cc.) 

h (g./ee.yc.) 

ti-C. 

SoCl. 

107 

_ 

040 

YCl, 

2-52 

5 

700 

LaCl, 

8*155 

5 

860 

GaCl, 

2-008 

20-5 

78 

GiiBr, 

8-188 

20-5 

125 

GbI. 

8-000 

22-4 

211 

InCl| 

2-14 

21 

580 

InCl, 

3-05 

10 

285 

InCl 

8-74 

14 

225 

TlCl 

5-028 

IB 

480 

ThCl4 

8-8 

— 

765 

SnCi. 

8-804 

12 

245 

PbCl, 

4-047 

10-4 


FhBr. 

5-805 

14-5 

000 

SbCI, 

2-071 

21-7 

75 

BiCl. 

8-860 

23-2 

250 

NB 4 M 0 O 4 

2-705 

6-20 

700 

Na.WO. 

8-078 — 0-275 (f — 080) + 8-37.10“^ {t — OaO)* 


No Btatoment of the BGcumey of theite data Ik f^ven. 

P. Diuibbbach, Eleeffoehemistry of Fmvd Sdtto, Btrlin, 1998. 
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DENSITIES (gi) OF MOISTEN SALT MIXTURES. VALUES OF THE CONSTANTS a AND'b IN THE EQUATION gi 
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8-360 j 8-108 2-919 2-768 I 2-574 2-898 (1-075) 

• 10* 0-84 I 0-95 1-04 0-92 0-80 0-88 (0-68 j) 

lange in ”C. 582 - 725 j 580 - 700 540 - 680 570 - 080 500 - 090 i 580-690 Above 800 
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TABLE II, IS 

MOLAR VOLUMES OF MOLTEN SALT MIXTUREB 


CdClg-CdBri (700 "C.) max. cx|it. error ±0-1% 


mol % CdCl| 


70-8 

54-4 

84-7 

0 



molar volume in cm.* 

55-BS 

SB-TB 

01-BB 

04-52 

60-28 




PbClg-FbBfa (600 “C.) max. expt. error ±0'15% 



















PbCl|-AgCl (fi00“('.) max. expt. error ±0-1% 


mol % PbCl| 
molar volume in cm.* 

100 

5B-02 

HO-6 

52-00 

70-9 

40-03 

! 01-I 
47-28 

53-4 

45-10 

42-0 

42-15 

20-3 

86-04 

0 

80-50 

AKCl-AfiHr 

max. expt. error ±0-1.5% 



mol % AgCl 
molar volume in cm.” 

100 

80-50 

77-3 

31-50 

50-7 

82-20 

34-2 

38-30 

0 

34-75 





PbClf-CdCIi (600 "C.) max. expt. error ±0 2% 


mol % PbC]| 

100 

70-4 

07-2 

41-B 

20-1 

0 


molar volume in cm." 

57-00 

56-00 

50-30 

55-50 

54-Bl 

54-40 



N. K. Boabdman, F. H. Dorman and E. Heymann, J. Phya. and CoUrnd Chan,^ 
1040, Sa, STB. 
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TABLE n, 14 

BLECTMCAI. HESIBTITITIEa (Jl,) UF UETAU) AT 0 "C. AND TIUSIE TEUFEBATUBB 

COEFFICIENTN a 


«. in Ohm cm.. 10-] 



R. 

a 



a 

A1 

2-6 

0-0043 

Hg 

04-07 

_ * 

Sb 

40 

0-0050 

Ho 

5-7 


As 

»n 

0-U030 

Ni 

0-7 

0-00G4 

Bb 

50-75 

— 

Nb 

17 

O-OttS 

Be 

12-2 

— 


9-6 


Bi 

115 

0-0045 


10-7 

0-0037 


7.7 

0-0042 

pt 

10-5 

0-0080 


^ 5 

0-0088 

K 

0-7 

0-0052 ( 0 °C.—m.p.) 


~ HO 

— 

He 

21 


Ce 

70 

-- 

Bh 

5 

0-0040 

Cb 

19 

0-0044 

Kb 

12-5 

0-0052 

Cr 

14 

— 

HII 

14 

— 


0-7 

o-oa^ji 

Ag 

1-6 

0-0041 


1-55 

0 0048 

Na 

4-3 



50 

0 0040 ( 0 ’C.-m.p.) 

Sr 

30 



--OOO 

— 

Ta 

15 



2-4 

0-0034 

T1 

17 



S2 


Th 

18 

— 

In 

8-8 

0-0040 

Sn 

18 

0-0045 

Ir 

5-8 

0-0040 

Ti 

55 


Fe 

10 

0-0005 

W 

5-8 


La 

56 

— 

IJ 


— 

Pb 

19 

0-0042 

V 

~170 

— 

Li 

8-5 

0-0045 

Zii 

5.0 

0-0041 

Mff 

Hn 

4-4 

m]50 

0-0040 

Zr 

41 

0-0044 


* Temp, dependence is given by 

Pt ^ M orr. 10-* [1 ] 0*8802 (/. i(r*) + 11037 (f - oo). icr"], 
where Ms in °C. 

Metals lUference Bimk, Smithells, London, 1949. 
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3. Properties of Electrolytes and Electrolytic Solutions 

TABLE III, 1 

THE DEBYE-HtyCKEL EQUATION FOB AQUEOUS SOLUTIONS 


Values of the constants in the equations 

-Ayr, 


l 0 R/± = 


and 1 oB/+ = /— ■ 

i + o'Y^ 

where the latter equation applies only for a ifingle electrolyte, and the former 
equation is {^neral for single or mixed clcetrolyte solutions of ionie concontration 
Fi or inulurity ct (where F is equal to 2 J|m) , and J{m) is ionic strength). 

E x.ivr* . ir E.irr" 

— — — — and — =-, 

d yr, A \iti 

where d is the mean distance* of nearest approach of the ions measured in A. 
Tlie valency factors w, td' and n;' are given by 

’/. ,, . , 7 . „ 

' w"= rn!.*l = — 


-A’ft 


1 P 

= - 27. 

V I 




when* Q is the iiiiinher of types of ions diTived from the e1ei;Lrnlytie dissociation anti 
V is the iiiinibtrr of ions n^sultiiig fniiii liiis. 

For binary elecirolyteis the factor w'' reduces to z (— "i = Z|) 


r"C. 

A 

A' 

B/fi 

B'jA 

0 

0'3446 w 

0-4B70ro' 

0-2204 

0-32MU) 

5 

-um 

-4002 

-2200 

-3251 

10 

•:S402 

-4I»i8 

-2305 

•3260 

1.5 

•351D 

•4077 

•2311 

-3268 

18 

■3S3B 

•5002 

•2315 

•3274 

20 

•3540 

•5010 

•2313 

■82TK 

25 

•3532 

-5065 

•2325 

•3288 

30 


-5114 

-2332 

-3208 

35 

•3653 

-5106 

•2.340 

■3300 


•3602 

-5221 

-2348 

■8321 

45 

•3733 

•5280 

•2357 

■3888 

50 

■3777 

•5:ui 

•2366 

■8840 

55 

■8328 

-5406 

-2376 

■8800 


■3871 

-5474 

-2386 

•8374 

70 

-3073 

-5610 

•2407 

■8408 


-4068 

■.'3774 

-2420 

■3484 



-5040 

-2452 

■8407 


•4325 

-6116 

-2476 

■3501 


Errors in the linnting slopes A and A' do not exceed ±0*1%. Errors in E and B' 
do not exceed i:0'05%. 

From H. S. Harnkii and B. B. Ow'en, Ph)f»icttl Chemistry aj Electrnlylic SolutUms, 
Reinhold, N.Y., 1D4S. 

See also B. B. Owen and S. K. BuinkTiEY, N.Y. Acad. Sci., HMD, 51, 753. 
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TABLE III, 1 (Qmhniiof) 

EXTENDED TKBMB OF THE DEBYE-UCCKEL EQUATION 


* The esBlmded terms to be added to the ftnt approximation equationH for log /± 
on p. 045 are: 

1 . For aymmctrical valence types: 

{■Hyt)' « + {-Htt)' ‘ ’'■•1 • 

8 . For unsymmctrical valence types: 

“ I **** I { (10» u)* ~ <*»* “ I *«*• I + •*» + *•)' ®** * 


Where, 


(10*«)' 

^ (*i* — I *1*11 + *.*)* »|. 


(10* o)* 




PABAMKTBBB INVOLVED IN THE EXTENDED TEBliS* OF THE DEBYK-IlOCKEL THEORY 


X as mA 

io*[*x,-2r,] 



loMiX'.-ay',] 

O'OO 

0-00000 

0 00000 

0-000000 

0-000000 

-005 

—00002 

—00107 

--001482 

-000000 

•01 

—00851 

—00410 

—00*797 

-000071 

-02 

—01230 

—01487 

—0147B4 

-000428 

-08 

—02407 

—02085 

—027000 

-001264 

■04 

—04014 

—04725 

—042803 

■002008 

005 

—05711 

—00584 

—058209 

-004750 

^00 

—07522 

—•0MD4 

—074748 

■007487 

■07 

—00408 

—10138 

—091060 

-010800 

-08 

—11810 

—11737 

—108708 

•014766 

-00 

—18281 

—18158 

—125099 

-010201 

0-10 

—15180 

—14863 

—142514 

-024885 

-11 

—10902 

—15H56 

—15905 

-02086 

-12 

--18602 

—10120 

—17522 

•03580 

-18 

—20855 

—10080 

—19007 

-04211 

-14 

—22240 

—17028 

—20620 

-04874 

0-15 

—28868 

—17100 

—22105 

-05568 

.10 

—25801 

—17123 

—28588 

-00274 

•17 

—2B851 

—16910 

—24908 

-07002 


* T. H, Gronwall, V, K.LaMer and K. Sandved, Physik, Z., 1020 , 30, 358; 


V. K. LaMer, T, H. Gronwall and L. J. Griefp, J. Phys, Chem., 1081, 35, 2245. 
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TABLE III, 1 {Continued) 


m^Hd 



io«[jjr,-yj 

lOTJjr',-; 

-IB 

—'28281 

—16548 

—26280 

•07748 

-10 

-^20580 

—10087 

—27407 

•08498 

0-20 

—80750 

—15409 

—28710 

-00248 

-21 

—aiH 02 

—14674 

—20870 

-10005 

-22 

—82058 

—18847 

—80977 

•10761 

-28 

—88048 

—12042 

—82032 

•IISIS 

•24 

—84850 

—11078 

—38086 

-12258 

0-25 

—'85708 

—10058 

—83001 

-12004 

-26 

—8047B 

—00805 

—:i4800 

-18720 

-27 

—37187 

-'•08804 

—85755 

-14488 

•28 

—87832 

—07600 

—36567 

•15182 

•20 

—38410 

—06577 

—87885 

•15816 

080 

—88042 

—05453 

—8H060 

-16482 

•81 

—30411 

—04335 

—38748 

•17182 

•82 

—80827 

—03222 

—•30386 

■17762 

-38 

—40103 

—02131 

—30000 

-18374 

•34 

—40510 

-010.53 

—40557 

•18065 

0-85 

—40780 

—00001 

—41087 

•10586 

-80 

—41007 

+-01027 

—41583 

-20087 

•37 

—41103 

+ •02022 

—42045 

-20617 

-38 

'-•41330 

+ -0208U 

—42475 

-21116 

-30 

—41148 

+ •03017 

—42875 

-21613 

0-40 

—■4152.5 

+ 0481 

—43244 

•22080 


TABLE III, 2 

VALUES UF THE i'AllAMETF^U Q IN THE UEHYE-HOCKEL THEORY. 

DISTANCES OF CLOSEST AFFROACn IN NON-AQUEOUH SOLUITONS 

K = dissociation constant of the electrolyte in the solvent. Values of the distariocs of 
closest approach arc colcululcd by the method of K. IM. Fuoss and C. A. Kraus 
(J.Am.Chem.Soi:., 10 » 8 , 55, 1010 ). 


1 . McOH 25 

“C. 

2 . EtOH 25 

“C. 

AgNO, 

From K 

2-36 A. 

KEtrO, 

From K 

2-47 A. 

Et^NClO. 

2-66 

Et«NClO« 

2-57 

Et^NBr 

4-86 

Et«N Pierate 

8-65 

KMeCO, 

4-08 

KOEt 

5-82 

Et«N Ficrate 

5-15 

K1 

5-87 

KCl 

7-54 

UI 

10-08 


A. G. Ogbton, Trans. Faraday Sue., 1030, 32, 1070. 
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TABLE ni, 3 

VALUES OF THE FAEAMETER O IN THE DEBYE-UfiCKEL THEORY. 
DISTANCES OF CLOSEST APFBOACU OF IONS IN AQUEOUS SOLUTIONS 


Salt 

Molality 

range 

fitted 

a in 

Angstrom 

Salt 

Molality 

range 

fitted 

a in 

Angstrom 

HCl 

0-01 -1-0 

4-47 

MgCl| 

0-1 -1*4 

5-02 

llBr 


5-18 

MgBr, 

0-1 -10 

5-40 

HI 


5-60 

Mfil, 

0-1 - 0-7 

G-IB 

HCIO4 


5-00 

CaCJ, 

0-01 -1-4 

4-78 

LiCl 


4-32 

CaBr, 

0-1 -1-0 

5-02 

UBr 


4-56 

Cal, 



lAI 


5-GO 

SrCl, 

0-1-1-8 

4-61 

LiClO. 

0-2 -1-0 

5-63 

SrBr, 

0-01 -1-4 

4-89 

NaCl 


3-97 

Sri, 

0-1-1-0 

5-58 

NoBr 

0-1 • 4-0 

4-24 

BaCl, 

0-1 -1-8 

4-45 

Nal 

01 -1*5 

4-47 

BaRr, 

0-1-1-5 

4‘GB 

NiiClO, 

0-2 - 4-0 

4-04 

Bala 

0-1 -1-0 

5-4-1 

KCl 

0-1 - 4-0 

3-(Ui 

MiiCl, 

0-1 - 1-4 

4-74 

KBr 

0-1-40 

3-85 

FeCla 

0-1 - 1-4 


KI 


4-10 

CoCl, 


4-81 

RbCl 

0-1 -1-5 

8-40 

NiCla 


4-80 

llbBr 

0-1-]-5 

3-4R 

ZiifClO,), 

0-1 - 0-7 

0-18 

Rbl 

0-1 - 1-5 

.8-50 





From U. II. Stokes and H. A. Kobinkun, J. Am.Chcm,StK.,, lD4f), 70, 1S70. 
Tilt* (lata of J. H. Jones, J. Phya. Chctn., 1047, 51, 51G, liuvr. been used for lithium 
and Bodiuni. 


TABLE 111, 4 

MEAN ACTIVITY COEFFICIENI'S OF KXF4mu)I.Vl'l>:K IN Uil.UTE AQUT':OI]8 SOLl’TiUN 

(values civkn as —lnpio/±) 


Salt 

Temp. “C. 


Molalities 

0-0005 

0-001 

0-002 

0-005 

0-01 

0-02 

0-05 

LiCl 

Freezing 

8 

_ 

_ 

H 

0-0343 

0-0403 

0-0605 

0-0880 

UBr 

point 

8 


— 


0-0208 

0-0400 

0-0525 

0-0720 

UNO, 

of the 

1 

— 

— 

H 

0-0804 

0-0412 

0-0548 

0-0760 

UCIO, 

solution 

4 

— 

— 

H 

0-0802 

0-0406 

0-0537 

0-0745 

LICIO, 


4 

— 

— 

H 

0-0200 

0-0886 

0-0506 

0-0602 
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TABLE 111, 4 (Continved) 


MEAN ACTIVITY COEFFICIENTS /± OF ELECrHOI.YTES IN DILUTE AtSlUEOUS SOLirjinN 

(values given as 


Salt 

Temp. "C. 

Rtf. 



Molalities 



0-0003 

0 001 

0-002 

0-005 

Qy| 

0-02 


UOOC.H 

Freezing 

6 

_ 


_ 

0-0811 

0-0424 

0'0.'j73 

0-0880 

LiOOC.CH, 

point 

Ilf tile 

6 

— 

— 

— 

o-osng 

0-0421 

0-0504 

0-0790 

NaCl 

solution 

8 

— 

— 

— 

O-USM 

0-0410 

0-0557 

0-0804 

NaBr 

tf 

a 

— 

— 

— 

0 - 02 H 2 

0-0877 

0-0508 

0-0721 

NaN 03 

II 

1 

— 


— 

0-0311 

0-042B 

0-0584 

0-0B70 

NnCIOa 


4 

— 

— 

— 

0-0310 

0‘0t38 

0-0588 

0-OB05 

NaClOc 

II 

4 

— 

— 


0-0321 

0-0480 

0-058H 

0-0B5T 

NbOOC.H 

II 

5 


— 

— 

0-030H 

0-0410 

0-0557 

0-0794 

NaOOC.ClI, 

»i 

5 

— 

““ 

— 

0-030G 

0-0412 

0-0&44 

0-0754 

KCl 

II 

8 

_ 

_ 

— 

0-0317 

0-0434 

0-0587 

0-0B57 

KBr 

II 

8 


— 

— 

0-0313 

0-0428 

0-0578 

0-0BS9 

KNOa 

II 

1 

— 

— 


1 0-0820 

0-0401 

0-0045 

0-1001 

KflOa 

II 

4 

1 — 

— 

— 

! 0-0801 

0-041B 

0-0588 

U-0918 

KCIO, 

11 

4 



— 

10-0347 

0-0492 

0-0007 

— 

KOOC.H 

• 1 

5 


-• 

— 

! 0-0302 

0-0400 

0-0543 

0 0774 

KOUCl.CU. 

II 

5 

— 

.... 

■— 

0-0300 

0-0>411 

0-0544 

0-0750 

NH.(1 

II 

2 

_ 

_ 

— 

0-0405 

0-0555 

0-0782 

0-1025 

NIf.Br 

II 

2 


— 

— 

0-0451 

0-0005 

0-0780 

0-1082 

NH 3 I 

II 

2 


— 

— j 

0-0375 

0-0500 

0-0074 

0-0947 

NH.NO 3 

II 

2 



— 1 

0-0401 

0-0547 

0-0730 

0-1064 

(NIf.).S 04 

II 

2 

— 

' — 

! 

i 

0-1308 

0-1740 

U- 221 M 

0-3104 


MEAN ACTIVITY COEFFKTEN’rS OF ELECTUIJLYTHS IN lllJ.lTTl': AQUiail'S SOLUTIONS 


NaCl 

25 

0 

_ 

_ 


0-0283 

0-0082 

0-8724 

0-8215 

Lion 

25 

7 

— 

— 

— 

— 

— 

— 

0-803 

NaOH 

25 

8 


— 

— 

— 

— 


0-818 

KOU 

25 

0 

— 

— 

— 

— 

— 


0-824 

CiOU 

25 

10 

— 

— 


— 

— 

— 

U-8:(l 

Na,S04 

0 

11 

— 

— 

— 

— 

0-710 

— 

0-5:J7 

U|504 

0 

12 

0-008 

0-878 

0-825 

0-734 

0-640 

0-554 

0-420 

M1SO4 

25 

12 

0-885 

0-830 

0-757 

0-080 

n-544 

0-453 

0-340 

SrCl, 

25 

13 

_ 

_ 

— 

— 

0-720 

— 

0-571 

BaCl, 

25 

18 

—■ 

— 

— 

— 

0-723 

— 

0-554 
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TABLE m, 4 (ConfiniMtf) 

MEAN ACTIVITY COEVFICIENTB (/^) OT ELEfTTBOLYTES IN DILUTE AQUEOUS BOLUTIDN8 


SBtt 

Temp," C. 

a/. 

Molalities 


n 


1^^ 


0-02 


Ba(OH), 

25 

27 

__ 

- 

_ 

0-778 

0'712 

0-628 

0-526 

Zna, 

25 

15 

— 

— 


0-780 

0-731 


0-628 

ZnBr. 

25 

16 

— 

— 


— 

— 



Znl| 

25 

17 

— 

— 

0851 

0-7B8 

0-740 


0-621 

ZnSOi 

25 

22 


rariTii 


0-477 

0-887 

02 BB 

0-202 

CdCl, 

25 

18 


0-819 

0-743 


0-524 



CdBr. 

25 

10 

rlBSl 



0-570 



0-250 

Cdl, 

25 

20 


- 

— 


0-37D 

rfHl 


CdSO, 

25 

21 

0-774 

liflillVl 



0-383 



FbCl, 

25 

14 

0-002 

0-B50 



0-612 


— 

AlCl, 

25 

25/20 


— 

_ 

_ 

_ 

— 

PM 

ScCl, 

25 

25/26 

— 


— 

— 

— 



IjiCI, 

25 

29 

— 


— 

0-717 

0-087 


0-447 

ln.(SO,), 

25 

24 

— 

— 

— 



0-005 


Ya, 

25 

26/20 

— 

— 

— 

— 

— 

— 

0-447 

CeCl, 

25 

25/20 




— 

— 

— 

0-447 

PtCl, 

25 

25/26 

— 

— 



— 

— 


NdCl, 

25 

25/26 



— 

— 

— 

— 

0-447 

SmClj 

25 

25/20 

— 


— 

— 

— 

— 


Eul'I, 

25 

25/20 

— 

““ 

— 




0-447 


Hefemces : 

* G. ScATCiiAiiD, G. .loNES nriil S. S. Prentiss, J. Am. Chan. Soc,, 1082, 54,20INI. 

■ G. ScATCHAKD and S. S. Prentiss, ibid., 1032, 54, 2600. 

* ibid., 11133, 55, 4355. 

* G. ScATCiiARD, S. S. Prentiss and G. Jones, ibid., 1034, 56, 805. 

■ G. ScATfniAHii and S. S. Prentiss, ibid., 1034, 56, 807. 

* A. S. Brown and D. A. MacInnes, ibid., UNI.?, 67, 135(1. 

' II. S. Harneu and F. E. Swindicu.s, ibid., 1026, 46, 126. 

* II. S. IIarnbd and J. C. Hecker, ibid., 1083, 65, 4838. 

■ H.S. Harneu and M. A. Cook, ibid., 1037, 56, 400. 

” H. S. Harned And 0. E. Sciiupf, ibid., 1030, 52, 3HH6. 

11. S. Harned and J. C. Hecker, ibid., 1034, 56, 650. 

^ H.S. Haoned and W, J. Hamer, ibid., 1035, 57, 27. 

^ H.S.Harned, ibid., 1026, 46, 820. 

^ W. R. Carmody, ibid., 1020, 51, 2005. 

R. A. Robinson end R. H. Stokes, I ' ranB . Faraday Soc ., 1040, 36, 740. 
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» H. 5. Harned and M. £. Ftizgehald, ibid., 1980, 58, 2624. 

» R.G. Bates, ibid., 1989, 61, 808. 

R. G. Bates and W. C. Vosburgh, ibid., 1987, 59, 1588. 

» V. K. LaMek and W. G. Parks, ilrid., 1981, 53, 2040. 

11. S. Habned and B. B. Owen, Physical Chemistry of Electrolytic Solutions, 
p. 426, Reinhold Publishing Coip., New York, 1948. 

^ R. A. Riibinson, Trans. Faraday Soc., 1939, 35, 1229. 

H. M. Hattox and T. he Vries, J. Am. Chem. Soe., 1986, 58, 2126. 

» C.M. Mason, ibid., 1988, 60, 1088; 1941, 63, 220 . 

** T. Shedlovsky and D. A. MacInnes, ibid., 1989, 61, 200. 
li. A. Robinson and 11. S. Harned, Chem. Heo., 1941, 28, 419. 

Sec also vol. I, Table 15, p. 101. 


TABLES HI, 5, 6 and 7 

OSMOTIC AND activity COEFFICIENTS OF ELICCTUOLYTES f 


Osnuitic and Activity Coeffitintts. The following tables * give pructieul osmotic and 
activity coefficients at 25°. Dutu hiivc included for one noii-clcctrolyLc, sucrose, 
10 ^ 11 ^ II ^iiieh sliuulil lie useful us a reference soliiie for isofiiestic ineiisurciiicnts 
on other non-eleidrolytes, but data derived from isopirstic work on glycerol and urea 

and nil iiit.ere 5 tiiig scries of lueasureineiits on 1H aiiiinu-ucids have liecn omitted. 
Some recent dctcrniinutions on sodium and potBSsiuin acid sulphate iuive also 
been omitted because, whilst the iHopicstie data enable the vapour pressures to 
be caiciiiated, the liissociation of the bisulphatc ion makes /„ and values of little 
use. In adiiilion, reference only is made to meusurements on a series of sodium 
salts of fatty ueids up to tlic euprate. 

The following notes will enable some estimate of tlic ndiubiiity of the data given 
in the tables to lie made. 

Some of ilic iluia dc|pe]id on isopiestic nieasureiiieiits only and no confirmation 
is available from other teeliniques. This holds for the following sidts: litliiuin iodide, 
perchlorate, nitrate, acetate and toliienesulplioiiatc; sodium chlorate, percrhlorate, 
bromate, nitrate, ucctatc, loluenesulphnnate, tliiocyaiiate and phosphate; |Kitassium 
fluoride, cldorate, bromatc, nitrate, acetate, toluenesulptionate, thiocyanate and 
phospliate; the five ruliiiiium salts; caesium bmiriide, iodide, nitrate and acetate; 
silver nitrate; tile tlirce tluiUiiim salts, magnesium, manganese and nickel sulphate; 
all the trivalent metal salts (for laiitlianum chloride independent isopiestic measure¬ 
ments are in good agreement); potassium ferrocyanidc and feiricyanidc; aliimiiuuni 
and cliToniiuiii sulphate and thorium nitrate. 

* For previous tabulatinns see refs. 5, 6 and 7. 

f Tills compilation of values is taken from R. II. Storks and H. A. Robinson, 
Trans. Faraday Soc., 1946, 45, 612. 
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TABLES III, 5, 0 en 7 (Continued) 


With some it w pottsiblc to compare the osmotic and activity coefficients with 
those derived from free/iiif; point measurements but tliere are seldom sufficient 
heat liontent rlata available to cstiniate the temperature correction exactly; never¬ 
theless, it is found Unit the activity coefficiciits at 0‘lm usually agree within 
1% at the two tein|)rratures; only in tlic case of lithium nitrate, potassium nitrate, 
potassium chlorate and sodium acetate do differences of up to 2% appear but the 
heat conLeiit data available are not sufficient to indicate if this difference is real or 
due to error in the activity cotTficients at either temperature. 

Hydrochtoric Acid. The values ofbetween 0-1 and 4m are taken from tlie very 
careful work of Hahnich and EnLuas interpolated at some concentrations by 
means of the Dishye-1H>ckel constants given by IIahnku and EiiIjEhs. Osmotic 
coefficients have been calculated by the metiiud outlined by Sihkks *. Handau. 
ondYouNu'^ quote values of lietween 1-2 and 4m wliich arc, on the average, 
0*85% higher (i.e. a differeiiRc equivalent to O-IH mv.). The ihita in the tables for 
coiicentnitions above 4n^ arc taken from the paper of Uandall and Young, some 
inlcrinediate values being obtained by Hkhsetjan inti.‘r^)okiLiun. Tlie values above 
4m are siip})nrted by the data of Akeiiluk and Teaiik whosevalues exliibit 
an average ileviatioii of 1% from those of Kaniiall nnd Young. 

Ilydrohmnie Acid, The /g values are from HARNun, ICeston and DoNRiiSON 
Inteqiolalion has been in^uie ut some concentratiorui by the use of ilicir Dkdye- 
HOckel eonstanis and has been calcuiatcd by the procedure of Stokes 

Hydriodir. Acid. The values deinuid on isopiestie data only 

Perchlorif Acid. The imipieslic values agree witlun 1% with those derived 
from Uie dircil vapour preHsurc incasiirements of Prahck uiidNnijSDN Tlieir/^ 
values are, however, very different. 

Nilric Acid. Tlic/^ values arc those obtained from freezuig [Niiiit iiicasurcments 
by Hartman and Uosenreld ^ with some added. Tlie /g values 

arc computed from tliesc. 

Lithium Hydroxide. values are from the c.in.f. measurements of llARNEn and 
SwiNum^LN ** with interpolations ut some coiii'cnlrations. 

Lithium Chloride tind Bromide. The isopiestie data are eorifinncd iqt to 2m by 
the e.in.f. values of IIahni'.d uriiich agree within 0*8% with the isopiestie values; 
aliove 2m, hnwever, iliere are considerable (b'ffercnees and, liceause the lithium 
anialgam electrode is known to lie erratic, the isopiestie data arc to lie preferred. 

Sudinm Hydroxide. Upta2fa,/^ values interpolated from the c.m.f. mroRiirenients 
of Haiiniu3 ^ mid of Haiined and IIecker have been used; above 2m the isopiestie 
iiiritMiin:inciitK of Stokes liave licen used it should lie noted tlial the values of 
due to AkerlCie ami Kegklem ” are coiisidrrahly different (by alaml 8%). 

6"odium Fltwride. Attention slinuld be drawn Ui the e.m.f, mcnsiucnicuts of 
IvETr and De Viiiiss ^ which do not agrees well with the values tabulated irom 
isopiestie data. 

Sodium Chloride, Harnkd's ” r.m.f. values of (extending up to 4m) do not 
differ from those in tlie tables by more tlian 0'0(>4 in at any coiiccntratiou and 
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TABLES in, 5, 6 an 7 (ConHnued) 


only differ on the average by 0*8%. Similar data by IIaunkd and Nihr ipve 
an average differenoe of 0*5%, tlicre being a differenoe of 0'n09 in/± at 4m. The 

valucH of Olynyk and Gobdun between 1 *5 and Gm agree within 0*3% whilat 
/q values calculated from the direct vapour pressure measurements of Niccus 
agree within 0*2% from 1 to 5m. 

Sodium Bromide. The isoiHestic data quoted in the tables agree within 0*2% 
with the e.m.f. data of IIahneu and Chawfoud** up to 2m; between 2*5 and 4m their 
data are liigher by about 1*5%. 

Sodium Iodide. The iHopiestic data are in good agreement with tlic values quoted 
by llAiLNED ”, the average difference beuig 0-3% in/j. up to 1m (the liigliest 
concentration at which e.in.f. measurements were made). 

Potasaium Hydroxide. Up to 4m values calculated fiom tlic e.m.f. inensuTcinenls 
of Harniui and Cook ” have biTn used and above 4m those of AKKHLfip luid 
Bkniiku 

Vuiasttium Chloridr. The values quoted in tlic tables agree with those of Harned ” 
and of IIarned and Cook ” witli an average deviation of 0*4%. Murcuver, the direct 
vapour pniissurc measurements of Lovelaio^, Fbaxisii, and Sease can lie cor¬ 
rected from 20° to 25** to give vulura of/« which agree within 0*3%. 

PolaxHiwn Brwuide and Iodide. The values in the tallies for the brniiiide, taken 
from iso]iieHlic data, an? within 0*3% of those given from e.m.f. data by IIarned ”. 
Similarly, the dutii for tlie iodide ttgn*c w'ithin 0’.'i% up to Im ulsive wliich the 
e.m.f. values are 2% higher. 

Cocuriitm Hydroxide. The data quoted are dervied from the e.m.f. incusurciiicnts 
of IIarned and Sciiupp 

Caefeium Chloride. The data in tlic Uibles, from tsopiestic measurenicuts, exhibit 
an tivernge deviation of only 0-5% from the e.m.f. data of IIarned and Senupp. 

Copper Sulphate. The e.m.f. data of Nieeskn and Broivn arc within 2°,^ of tlic 
isopieslic/^ viducs w'hilst tiie values of Wetmouk and Gordon •• are within l‘5“i. 

Zinc S\dphQle. Bray ** has made iiicusurciueiiU wliich yield activity coefficients 
which differ, on the average, by less than 2% from the isopiestic values quoted. 

Cadmium Sulphate. Tlie e.in.f. dalJi of I^aMeu and Parkes do not ugriv. with 
the isopiestic values tliuL have been used, there lieiiig differences of the order of 13%. 
Values at low' molalities, enclosed in brackets, arc subject to revision. 
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TABLE Ill, 5 

OSMOTIC COEVFICIENTB AT 26 T. 


m 

HCl 

HBr 

HI 

HCIO 4 

HNO, 


LiCI 

LIBr 

Lil 

UClOc 

LiNO, 

0-1 

0-948 

■ 

0-058 

0-B47 

H 

0 -D 20 

0-989 

0-948 

0-952 

0-951 

0-986 



0-954 

0-009 

WimI 


tilpyl 

0-939 


0-960 


0-985 

0-8 

0-052 



0-958 


o-sno 



0-980 

0-971 


04 


U-078 

1-flOl 

0-006 

0-040 

0 -BBl 


0-900 

0-905 



mVm 



1-019 



0-875 



B 


0-954 

0-6 


1-007 

1-088 


0-950 

0-869 



M 



0-7 


1-028 

1-057 



0 - 8 B 6 

0-984 

0-903 

1-084 

1-027 


0 -R 

1-011 


1-076 

1-013 



0-995 

IemU 

1-049 

icirm 

0-978 

n-9 

1-02.5 

1-054 

ItMi 

1-020 



1-000 

1-021 

1-063 

1-058 

0-087 

1-0 

1-03U 

1-072 

1-113 

1-041 

0-979 

0-860 

1-018 

1-035 


1-072 

[i£im 

1-2 


— 

1-158 

1-072 


0 - 8 ri}l 

1-041 

1-007 

1-111 


1-015 

1-4 

l-OfMI 

— 

lotlhl 

ipTml 

1-009 

0-860 


1 -OOIi 

M4;j 

1-137 

•Ejm 

1 -G 

1-120 

— 

1-288 

1-141 

1-025 



1-130 

1-176 

1-170 

1-052 

IH 

M57 

— 

1-273 

1-175 

1-042 

0-872 

MIO 

1-103 

1-212 

[E3 

1-070 

2'0 

1-18B 

— 

1-315 

1-210 

icin!<i 


1-142 

1-190 

1-250 

1-238 


2-5 

1-260 

— 

1-424 

1-305 

1-100 

0-882 

1-212 

1-278 

1-351 

1-328 

1-184 

80 

1-348 

— 

1-585 

1-400 

1-154 

0-880 

1-286 

1-304 

1-407 

1-419 

MHl 

3-.5 

1-4:)1 

— 

— 

1-.511 


0-B8II 

1-300 

•cm 

— 

1-612 

1-227 

4-0 

1-517 


— 

■BPl 



1-449 

1-578 


1-595 

1-270 

4-5 

1-508 

— 

— 

1-738 

— 

— 

1-5J13 

1-687 

— 

— 

1-312 

5-0 


— 

— 

1-800 

— 

— 

■Bna 

1-793 

— 

— 

1-852 

5-5 

1-708 

— 


1-981 

— 


1-705 

1-891 

— 

— 

1-387 

0-0 

1-B45 

— 

— 

2-100 

— 

— 

1-791 

1-989 

— 


1-420 

Ref. 

10 

10 

20 

41 

42 

22 

10,48 

44,45 

10 

40 

47,48 


References: 

^ H.U. Stokes, Trans, Faraday Sac., 104B, 44, 295. 

■ R. A. Robinson, Trana. Ray. Soc. N.Z., 194.5, 75, 203. 

* S. Shankman and A. R. Gordon, J. Am. Chem. Soc., 1039, 81, 2870. 

• H. H. Stokes, ibid., 1047. 69,1291. 
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TABLE III, 5 ICtmHnueH 

OSMOTIC GOEFF1C1KNT8 AT 25 


m 

LiAc 

LiTol 

NaOH 



NaBr 

Nal 

Na- 

ao, 

Nbp 

CIO, 

Na- 

BrO, 

Na^ 

NO. 

0-1 

0P35 

0-928 

0-925 

0-924 

0-982 

0-934 

0-938 

0>D27 

0-930 

0-918 

0-921 

0-2 

0B2B 

0-917 

0-925 

0-908 

0-925 

0-928 

0-080 

0-013 

0-920 

O-BRO 

0-902 

0-8 

0-929 

0-012 

0-D20 

0-8VH 

0-B22 

0-928 

0-980 

0-004 

0-915 

0-883 

0-890 

0-4 

O-Wil 

0-908 

0-983 

0-891 

0-920 

0'P2I> 

l)-M8 

0-897 

0-912 

0-878 

0-881 

0-5 

0-985 

O-OOG 

0-087 

0-880 

0-021 

0-988 

0-952 

0-8lt2 

0-910 

0-805 

0^873 

0-6 

OMO 

0-900 

0-941 

0-882 

0-923 

0-087 

O-lkfO 

0-888 

0-900 

0-857 

0-867 

0-7 

0-945 

0-005 

0-945 

0-870 

0-020 

0-D42 

0-B87 

0-1185 

0-010 

0-H51 

0-B02 

0-8 

0-951 

0-905 

0-940 

0-870 

0-029 

0-947 

0-975 

0-888 

0-911 

0-845 

0-858 

0-9 

O-BSO 

0-005 

0-053 

0-874 

0-982 

0-058 

0-088 

0-882 

n -012 

0-B.H0 

0-854 

1-0 

0-962 

0-905 

0-058 

0-872 

00:10 

0-958 

0-991 

0-880 

0-918 

0-833 

0-851 

1-2 

0-D75 

0-904 

0-009 

— 

0-U4O 

0-900 

1-007 

0-878 

0-910 

0-824 

0-845 

1-4 

0-988 

0-002 

0-080 

— 

0-951 

0-088 

1-025 

0-870 

0-920 

0-815 

0 - 8:10 

1-0 

1-001 

0-800 

0-901 

— 

0-002 

0-907 

1-04:1 

0-874 

0-925 

0-808 

0-835 

1-8 

1-014 

0-894 

1-002 

— 

0-972 

1-012 

1-001 

0-875 

o-o:io 

0-804 

0-830 

2-0 

1-027 

0-803 

1-015 

— 

0-083 

1-028 

1-079 

0-870 

0-034 

0-800 

0-826 

2-5 

1-OGl 

0-800 

1-054 

— 

1-013 

1-007 

1-129 

0-879 

0-047 

0-792 

0-817 

8-0 

1-09.3 

0-012 

1-004 

— 

1-045 

1-107 

1-188 

0-881 

0-900 

— 

0-810 

3-5 

1-123 

0-030 

1-130 

— 

1-U80 

1-150 

1-243 

0-880 

0-975 


0-804 

4-0 

1-1.?3 

0-951 

1-195 


1-110 

1-100 


— 

0-091 

-- 

0-797 

4-5 


0-972 

1-255 

— 

1-153 

— 


— 

1-008 

— 

0-792 

5-0 

— 

— 

1-314 

— 

1-192 

— 

— 

— 

1-025 

— 

0-788 

5-5 

— 

— 

1-.374 

.... 

1-231 

... 

— 

— 

1-042 

— 

0-787 

0-0 

— 

— 

1-4.34 

— 

1-271 

— 


— 

1-OIK) 


0-788 

Icf. 

47 

47 

24,25, 

20.27 

29 

2 

44,49 

44 

50 

40 

51 

47 


Ac = Acetate. Tcil = TDluenesulplioiiatc. 


■ G. N. Lewis and M. Randall, ThermodynarnKJi (McGraw-Hill Book Co. Inc., 
New Yorki 1B28). 

■ E. A. Guggenheim, Phil. Mag., 1935, 19, (7), 588; 1986, 22, (7), 822, 

^ H. S. Harned and B. B. Owen, Physical Chemistry oj Electrolytic SduHmu, 
Heinhold Publishins Coip., New York, 1948. 
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TABLE 111, 5 {Ctmlinuedi 

OSMOTIC COEFFlCIfSNTS AT 25 '’C. 


m 

NaAc 

Na- 

Na- 

Nall, 

KOH 

KF 

KCI 

KBr 

K1 

K- 

K- 

K- 


Tol 

CNS 

-PO, 



ao, 


NOj 

0-1 

0-940 

0-924 

0-987 

0-011 

0-944 

0-930 

0-927 

0-D28 

0-032 

0-918 

0-910 

O-BOO 

0-2 

0-030 

0-907 

0-03-1 

0-884 

0-930 

0-919 

0-918 

0-916 

0-922 

0-887 

0-881 

0-878 

0-8 

0-M5 

0-897 

0B8S 

0-804 

0-988 

0-915 

0-B06 

O-DIO 

0-018 

0-887 

0-858 

0-851 

0-4 

0-951 


0-988 

0-847 

0-94-4 

0-914 

0-902 

0-806 

0-917 

0-849 

0-837 

0 8.58 

0-5 

0-959 


0-948 

0-832 

0-953 

0-915 

0-899 

0-904 

0-017 

0-882 

0-810 

0-817 

0-6 

0-907 

0-874 

0-948 

0-819 

0-902 

0-016 

0-898 

0-904 

O-BIH 

O-BIO 

— 

0-802 

0-7 

0-977 

0-807 

0-9.58 

0-808 

0-072 

0-919 

0-897 

0-U04 

0-919 

0-802 

— 

0-7BO 

0-R 

0-080 

o-8ai 

0-0.58 

0-798 

0-983 

0-923 

0-8B7 

0-005 

0-922 

— 

— 

0-778 

09 

0-994 

0-855 

o-oo;) 

0-789 

0-993 

0-920 

0-897 

0-000 

0-924 

— 

— 

0-707 

1-0 

1002 

O-MB 

O-DOB 

0-730 

1-003 

0-981 

0-897 

0-907 

0-020 

— 

— 

0-750 

1-2 

1-018 

0-8:17 

0-979 

0-705 

1-020 

0-941 

0-899 

0-910 

o-o:n 

— 

— 

0-780 

1-4 

1-038 

i 

O 

0-990 

0-751 

1-051 

0-951 

0-901 

0-914 

0-987 

— 

— 

0-718 

1-0 

1-0.57 

0-811 

1-002 

0-739 

1-070 

0-902 

0-904 

0-917 

0-943 


— 

0-700 

1'8 

1-074 

0-790 

1-014 

0-729 

1-100 

0-973 

0-908 

0-922 

0-0.50 

— 

— 

0-084 

2-0 

1-092 

0-787 

1-025 

0-721 

1-125 

0-984 

0-012 

0-r)27 

0-957 


— 

O-OGO 

2-5 

1-187 

0-7B.1 

1-055 

0-705 

1-183 

1-014 

0-924 

0-941 

0-074 

— 

— 

0-031 

8-0 

1-181 

0-748 

1-080 

0-090 

1-248 

1-048 

0-937 

0-955 

0-900 

— 

— 

0-002 

8-5 

1-223 

0-788 

1-118 

0-091 

1-317 

1-084 

0-050 

o-ono 

1-000 


—> 

0-577 

4-0 

— 

0-783 

1-150 

0-091 

1-887 

1-124 

0-905 

0-984 

1-021 

— 

— 

— 

4-5 

“ 

— 

— 

0-094 

1-459 

— 

O-OBO 

1-000 

1-032 

— 

— 


5-0 

... 

— 


0-099 

1-524 


— 

1-015 

— 

— 

— 

— 

6-5 

— 

— 

— 

0-700 

1-594 

— 

— 

— 


— 

— 

— 

0-0 

— 

— 

— 

U-718 

1-001 


— 

— 

— 

— 

— 

— 

Rpf. 

47 

47 

52 

53 

83,34 

! 

29 

2 

44,40 

44,54 

51 

55 

47 


Ac AirtatP. Tcil Toliipiiesulplioimte. 


* M. Randall and A. M. White, J. Am. Chan. Soc., 102U, 48, 2514. 

■ K.H. Stokes, ibid., 1945, 67, lOttU. 

R. A. Robinson and P. A. Sinclair, Und.^ 1034, 56, 1800. 

R. A. Robinson, P. K. Smith and E. R. B. Smith, Tnins. Faraday Soc., 1942, 
38, 88. 

G. Scatchahd, W\ J. Hameb and S. £.W-ood, J. Am. Chem. Sac., 1038, 66, 8001. 
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TAULE Til, 5 (Cantmiud) 
OBMOnc CORFnciUNTS AT 25 ”C 


m 

KAc 

KTol 

K- 

CNS 

KH, 

-PO, 

HbCl 

1 

Rbl 

Rb 

NO. 

RbAc 

CbOH 

CaCl 

CrBf 

01 

0-048 

0-021 

m 

0-001 

0-028 

0-022 

M 

■ 

M 

0-642 

0-017 

0-017 

0-2 


0-001 


rra 




Bffl 


0-080 

0-867 

0-666 

0-8 


0-880 


0-848 


0-BB7 


0-847 



0-RB5 


0-4 

0-058 

0-878 


Mm 

0-893 

0-802 

0-B90 

Mm 



0-875 

0-878 

0-5 

0-968 

0-860 


0-005 


0-888 

0'886 

O-BOO 

JH 


0-800 

0-805 

0-6 


0-R47 

0-806 


0-887 

0-880 

0-884 

0-704 

JH 

0-670 

0-864 

ra'l 

0-7 


0-834 

0-805 

0-778 


0-884 

O-BBl 


SB 


0-861 


0-8 


0-822 

ijj™ 

raTW] 

0-880 

0-882 




0-002 

0-859 

0-854 




0-894 

0-747 

0-885 

0 -BBl 


0-750 


1-OOH 

0-858 

0-8.52 

1-0 

1-017 



0-786 

0-885 

0 -RRl 

0-H78 

0-745 

flW 

1-014 

0-857 


1-2 

1-088 

0-775 

0-80H 

0-710 

0-886 

0-880 


0-725 

1-040 

— 

0-850 

0-840 

1-4 


0-751 

Mm 

0-008 

0-888 

0-881 

M^ 


IcImI 

— 

0-856 

0-848 

1-0 


0-732 

0-802 

0-688 


0-882 

BIB 


1-001 

. — 

0-857 

0-848 

1-8 

Moa 

0-715 

0-808 


0-803 

0-884 

0-882 


1-114 

— 

0-850 

0-850 

20 

1-128 

0-700 

rro?! 

— 

0-600 

0-887 


0-050 

1-137 

— 

0-862 

0-852 

2-5 

1-177 

0-604 

0-808 

— 


0-89!) 

Bffl 


MD2 

— 

0-800 

0-850 

8-0 

1-228 

0-687 

0-008 





0.588 

1-248 

— 

0-870 

0-Bb6 

8-5 

1-274 



— 


0-007 


0-501 

1-802 

— 


0-874 

4-0 

— 

— 

0-012 

— 


0-010 

0-021 

0-538 

— 

— 


n-BB^li 

4-5 

— 

— 


— 

0-052 

0-924 


0-510 

— 

— 

0-012 

0-802 

5-0 

5-5 

0-0 

— 



— 

H 

0-034 

Bffl 

. 

— 

— 

B 


— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Elcf. 

47 

47 

52 

58 

10, 50 

44, 50 

44, 50 

47, 50 

47, .56 

30 

10,86 

44,56 


Ac = Ai-rtutc. Tol = Tolucnesiilphnniitc. 


*■ E. R. B. Shitu and P. K. Smith, J. Biol. Chm., 11187, 117, 200; 181, 607; 
lOM, 132, 47, 57. 

U. H. Stokes, J. Am. Chm. Soe., 1D4B, 70, 874. 

P. K. Smith and K. A. Hohinson, Trmu. Varaday Soc., 1042, 31, 70. 

>■ H. S. Habmbd and R. TV. Eni^Eiu, J. Am. Chm. Soe., 1038, 50, 2170. 

M. Randall and L. E. Young, ibid., 1028, 50, 080. 
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PHYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE III, 5 {Cwainved) 

OSMOTIC COEFFICIENTS AT 25 ”C. 


m 

CbI 

CbNO, 

CbAc 




TlAc 

■ 

Mg- 

SO, 

Zn50« 

0-1 

0-916 

0-902 

0-945 

H 


0-881 

0-918 


0-006 

0-590 

0-2 


iiTOI 

0-947 


0-887 

0-888 

0 -BBl 

0-515 


0-583 

0-8 

O-BBO 

0-842 


rlfffvi 

0-842 

0-800 

0-876 

0-494 

0-540 


0-4 

0-870 

0-H90 

0-804 

0-827 

0-821 

0-775 

0-865 




0-5 

0-868 

0-002 

0-076 


0-804 

_ 

0-858 


0-522 

0-488 

0-6 

0-858 


0-986 


— 

— 

0-840 

0-462 

0-519 

0-476 

0-7 

0-855 


0-900 

0-779 

— 

— 

0-848 

0-458 

0-517 

0-478 

0-8 

0-852 

0-761 


0-766 

— 

— 

0-838 

0-457 

0-518 

0-478 

0-0 

0-840 

0-748 

1-016 


— 

— 

0-888 

0-458 

0-520 

[fJ3 

1.0 

0‘B4fl 



0-742 

— 

— 

0-829 

0-461 

0-525 

0-478 

1-2 

0-842 



0-720 

— 

— 

0-828 

0-478 

0-542 

0*480 

1-4 

0-889 


1-072 


— 


iBTH 

0-491 

0-507 

0-508 

1-6 

0-83U 



0-680 


— 

0-814 

— 

0-597 

0-588 

1*8 

0-884 

— 

MIO 

0-002 

— 

— 

O-BIO 

-* 

0-680 

0-500 

2 -Q 

0-892 


1-142 



— 





2-5 

0-827 

— 

MOO 


— 



— 

0-780 

0-717 

8-0 

0-892 

— 

I-26I 

0-576 

— 


0-790 


0-922 

0-801 

8-5 

— 

— 

1-800 

0-550 

■— 

— 


— 

— 



— 


— 


— 



— 

— 

— 

4-5 


— 


0-502 

— 

— 

0-777 

— 

— 



— 

— 

— 

0-488 

— 

-- 

0-772 

— 


— 

5-5 

— 

— 


0-467 

— 

— 


— 

— 

— 

■ 



““ 

0-452 

— 

“ 


— 

— 

— 

Kef. 

44,50 

47, .50 

47,38 

57 


56 


58 

58 

58 


CdSO« 


0-505 

0*51S 

0-400 

0-476 

0-466 

0-458 

0-452 

0-450 


0-452 

0-461 

0-476 

0-496 

0-522 

0-551 

0-632 

0-726 

0-882 


58 


Ac 3? Acetate. 


G.AiuHiiidF and J. W, Trare, tMd., 1087, 5Bp 1855. 

“ 11. S. Hahned, a. S. Keston and J. G. Donelbon, ibid., 1086, 68, 980. 
^ H. S. IIabned and U. A. Robinson, froru. Faraday iSfoc., 1041, 37, 802. 
^ J. N. Pearce and A. F. Nei^m, J. Am. Chan, Soc., 1088, 65, 8075. 

” 11. S. Harmed and F. E. Sifindellb, ibid., 1026, 48,120. 




























































8 


ELECTB0LYTE8 


659 


TABLE III, S (CbnrinimO 
OBMOnc COBmciBMT8 AT 25 *C. 



■■ H. S. llAHHED, Md., 1D2B, 51, 4ia. 

H H. S. Hahnbd, ibid., 1B25, 47, 0T6, 

» H. 5. Habnkd And J. C. Heckeh, ibid., 1B83, 55, 4858. 

R. H. Stokes, ibid., 1845, 87, 1088. 

" 6. AkhrlOf Eind G. Keoeles, ibid,, 1840, 82, 020. 




















































PHYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE III, 6 (CwiHnuid) 

nSMCmC COEFFICIENTS AT 25 "C. 


m 

EuCl, 


K,Fe(CN), 

K.Fe(CN), 

M 

Cr,(SO,). 

ThCNO,), 

0*1 

0-794 

0-795 

0-727 

0-595 


0-414 

0-075 

0*2 


O-BIB 

ITiM 


■BHm 

0-401 

■igiRM 

0*6 

0-B42 


0 082 


0-301 

0-412 

0-705 

0-4 

0-882 


0-67B 

0-518 

0-421 


0-784 

0-3 



mmm 

0-506 

0-477 


0-770 

0-6 


1-003 

0-676 

mmm 

0-545 

0-524 

0-807 

0*7 


1-055 

mmm 

0-4D4 

0-625 

0-585 

0-846 

0*8 

1-062 

1-111 

0-685 

mmm 

0-718 

0-057 

0-BB5 

0-0 

1-167 

1-168 

0-094 

0-5U1 

O-BOB 




1-193 

1-227 


— 


0-882 

0-905 

1-2 

1-810 

1-048 

0-727 

— 

— 

1-031 

1-044 

1-4 

1-438 

1-450 


— 

— 

— 

1-120 

1-6 


— 


— 

— 

— 

mgm 

1-8 

1-707 

— 

— 



— 

mm 

2-0 

1-838 

— 


— 

— 

— 

Ba 

2-6 

— 

— 

— 

— . ■ 

— 

— 

1-455 

■19 

— 

— 

— 


— 


1-546 

3-5 

— 

— 

— 

— 

— 

— 

1-616 

4-0 

— 


— 

— 

— 


1-659 

4-5 


— 

— 

— 

— 

~ 

1-OBB 

5-0 







1-700 

Ref. 

62 

60 

(Ui 

50 

56 

00 

(UI 


^ H, W. IvETT and T. de Viueh, ibid., 1U41, B3, 2821. 

” U. A. llOEiNSON, ibid., 104>1, 63, 628. 

” H. S. Habned and N. F. Nims, ibid., 1982, 54, 423; H. S. Habned and M. A. 
Cook, ibid., 1930, 61, 403. 

“ F. Qlynyk and A. H. Uordon, ibid., 1943, 65, 224. 

“■Neous, Thenit, Johns Hojikina Univeraity, 1922. 
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TABLE m, 6 

ACTIVITY COEFFICIENTS AT 25 °C. 


m 

HCl 

HBr 

HI 

H- 

ao. 

H- 

NO, 

UOH 

LiQ 

LiBr 

Lil 

Li- 

CIO, 

Li¬ 

no, 

LiAc 

0-1 

0-706 

u-saf 

0-818 

0-808 

0-791 

0-780 

0-790 

0-790 

0-815 

0-812 

0-788 

0-784 

0-2 

0-707 

0-782 

0-807 

0-778 

0-754 

0-702 

0-757 

0-706 

0-802 

0-794 

0-752 

0-742 

0-8 

0-750 

0-777 

0-811 

0-768 

0-785 

0-085 

0-744 

0-756 

0-804 

0-792 

0-736 

0-721 

0-4 

0-755 

0-781 

0-828 

0-760 

0-725 

0-038 

0-740 

0-752 

0-813 

0-798 

0-728 

0-709 

0-5 

0-757 

0-789 

0-839 

0-709 

0-720 

0-617 

0-739 

0-753 

0-824 

0-808 

0-720 

0-700 

0-0 

0-70» 

0-801 

0-800 

0-776 

0-717 

0-599 

0-748 

0-758 

0-888 

0-820 

0-727 

0-691 

0-7 

0-7r2 

0-815 

0-8BS 

0-785 

0-717 

0-585 

0-748 

0-767 

0-852 

0-R84 

0-729 

0-089 

0-8 

0-78{J 

0-882 

0-908 

0-795 

0-718 

0-573 

0-755 

0-777 

0-870 

0-852 

0-733 

0-088 

00 

0-70.5 

0-850 

0-985 

0-808 

0-721 

0-5621 

0-761 

0-789 

0-888 

0-860 

0-737 

0-688 

1-0 

0-809 

0-871 

0-908 

0-828 

0-ri4 

0-554 

0-774 

o-8o:i 

0-910 

0-887 

0-748 

0-089 

1-2 

0-840 


1-027 

0-8.58 

0-734 

0-542 

0-79(1 

0-837 

0-955 

0-931 

0-7.57 

0-698 

1-4 

0-N7(i 

— 

1-008 

0-900 

0-745 

0-582 

0-823 

0-874 

1-007 

(I-D79 

0-774 

0-700 

1-0 

0-910 


M75 

0-947 

0-758 

0-525 

0-853 

0-917 

1-063 

1-034 

0-792 

0-709 

1-8 

0-900 


1-200 

0-908 

0-775 

0-518 

0-885 

0-964 

1-127 

1-003 

0-812 

0-719 

20 

l-(N)n 

— 

1-8.50 

1-055 

0-793 

0-513 

0-921 

1-015 

1-198 

1-158 

0-885 

0-729 

2-5 

1-147 


1-041 

1-227 

0-840 

0-503 

1-020 

1-101 

1-418 

1-350 

0-896 

0-762 

8-0 

1-310 

— 

O-Ol.*! 

l-4i8 

0-90D 

0-494 

1-150 

1-341 

1-715 

1-582 

0-906 

0-798 

3-5 

1-518 

— 

— j 

1-720 

.... 

0-487 

1-317 

1-584 


1-866 

1-044 

0-637 

4-0 

1-702 

... 

— 

2-08 

— 

0-481 

1-510 

1-897 

— 

2-18 

1-125 

0-877 

4-5 

2-04 

— 

— 

2-53 


— 

1-741 

2-28 

— 

— 

1-215 

— 

.5-0 

2-38 

— 

— 

8-11 

— 

— 

2-02 

2-74 

— 


1-310 

— 

5-5 

2-77 

— 

— 

3-83 

— 


2-61 

3-27 


— 

1-407 

— 

0-0 

8-22 

— 

— 

4-70 

— 

— 

2-72 

__ 

8-92 

— 

— 

1-506 

“ 

Uef. 

10 

10 

20 

41 

42 

22 

10. 

43 

44, 

45 

10 

46 

47, 

48 

47 


Ac = Acetate. 


11. S. Harned nncl C. C. Ciia^yfubti, J. Am. Chvm. Stw.f IDliT, 59, 1908. 
** H. S. IIarned mul M. A. Cook, ibid,, 1037, 69, 490. 

G. AKEHi.0r and 1*. Bender, t&id., lfl4K, 70, 2300. 

11. S. Uakned and M. A. Cook, iJbid,, 1987, 59, 1200. 

■**B. F. Lovelace, J. C. W. Frazer and V. B. Sease, ibid., 1921, 43, 102. 
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PHYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE III, 0 (Continued) 
ACTTViry COEFFICIENTS AT 25 °C. 


fit 

LiToi 

• 


NaF 

NaCl 

NaBr 

Nal 

Na- 

CIO, 

Na- 

CIO4 


Nb- 

NO, 

NaAc 

01 

0-772 

H 

0-765 

0-778 

0-782 

0-787 

0-772 

0-775 

0-758 

0-762 


0-2 

0-723 


0-710 

0-785 

0-741 

0-751 

0-720 

0 -r 20 


0-703 


0-8 

yjjjoj 



0-710 

o-riB 

0-735 


0-701 


0-666 

^^3 

0-4 


0-097 


0-693 

0-704 



0-683 


0-688 

0-737 

0-5 


0-690 

0-032 


0-0«7 

0-723 






0-6 




0-B73 



0-630 


0-685 

0-599 

0-736 

0-7 




llll^ 

B1 




0-569 

0-5Ha 

0-740 

0-S 





O-OBT 

0-727 

0-006 

0-U41 

0-554 





0-G7B 


0-659 

O-IIK? 

0-731 

U-5»7 

0-635 

0-541 


0-752 

1-0 

0-617 

0-678 

0-573 


UJ3 



0-629 

0-52B 

0-548 

0-757 

1-2 


0-081 



0-0B2 


0-575 

0-622 


0-630 


1-4 

0-595 

0-680 


0-055 

0-690 


0-5(91 

O-OIG 

0-489 

0-514 


1-6 


0-692 

..... 



0-780 

0-55.3 

0-613 

0-473 

0-501 


1-B 

0-575 

0-700 




0-791) 

0-545 

0-011 

0-461 

0-489 

0-B2B 

2-0 

0-568 

0-709 

— 

0-068 

0-731 

hb:r-:ii 


O-fMH) 

0-450 

0-478 

0-851 

2-5 

0-558 

0-74ii 

.... 

0-088 


0-883 


O-OOB 

0-420 

0-455 

0-914 

30 


0-784 

— 

0-714 

fffpl 

o-»o:i 

0-515 


— 

0-4:17 

0-982 


0-559 


.... 

0-746 

0-805 


0-508 

0-017 

_... 


1-057 

4-0 

0-500 

0-003 

— 

0-783 

0-929 


— 

0-620 

— 

0-408 

— 

4-5 

0-575 

0-965 

— 

0-826 

— 

— 


0-037 


Mmm 

— 

5-0 

— 


— 

0-874 


— 

— 


— 

0-880 

— 

5-5 

— 

1-18] 

— 

0-928 

— 

— 

— 


— 

0-378 

— 

0-0 

— 

1.209 

— 

0-086 

— 

— 

— 

0-077 

— 

0-371 

— 

Bcf. 

47 

24,25 

29 

2 


•14 

50 

4(1 

.51 

47 

47 



2U,27 



49 


i 





Ac = Acetate. Tol Tu]ueiiesii1i)1uiimte. 


** H. 5. Hahned and 0. E. Schufp, ilnd., 19iU), 52, 38B6. 

” n. F. Nuauien and D. J. Brown, ibid., 1D27, 49, 2423. 

“ F. K. W. Wetmore and A. K. G<iriion, J. Chem. Phyxia, 1937, 5, GO. 

IJ. B. Bray, J. Am. Chm. Soc., 1927, 49, 2372. 

^ V. K. I^ER and W. G. Parks, ibid., 1981, 53, 2010. 


For Na(T, see also vol. I, Tabic 26, p. 274. 
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TABLE ni, e (ConHnued) 

ACTIVITY C0EFF1CIIENT8 AT 25 "C. 


m 

NaTol 

Na- 

CNS 

Na- 

UPO. 

KOH 

KF 

KCJ 

KBt 

KI 

KCJO, 

K- 

BK), 

KNO, 

01 

0-765 

0-787 

0-744 

0-708 

0-775 

0-770 

0-772 

0-778 

0-740 

0-745 

0-780 

0-2 

0-700 

0-750 

0-675 

0-760 

0-727 

0-718 

0-722 

0-788 

0-681 

0-074 

0-068 

0-3 

0-674 

0-781 

0-620 

0-742 

0-700 

0-688 

0-608 

0-707 

0-685 

0-025 

0-614 

0-4 

0-648 

0-720 

0-503 

0-734 

0-682 

0-600 

0-678 

0-680 

0-500 

0-585 

0-57G 

0-5 

0-627 

0-715 

0-563 

0-7:i2 

0-670 

0-640 

0-657 

0-070 

0-568 

0*552 

0-545 

0-6 

0-600 

0-712 

0-.53n 

0-788 

0-661 

0-637 

0-646 

0-(MI7 

0-541 


0-510 

0-7 

0-503 

0-710 

0-517 

0-736 

0-(t54 

0-626 

0-636 

0-000 

0-518 


0-406 

0-8 

0-579 

0-710 

0-409 

0-742 

0-650 

0-618 

0-620 

0-654 

— 


0-476 

0-9 

0-506 

0-711 

0-483 

0-740 

0-6-46 

0-610 

0-622 

0-640 


— 

0-450 

1-0 

0-554 

0-712 

0-468 

0.756 

0-645 

0-604 

0-617 

0-645 


— 

0-448 

1-2 

0-532 

0-716 

0-442 

0-770 

0-643 

0-508 

0-608 

0-6U) 

— 


0-414 

1-4 

0-511 

0-723 

0-420 

0-800 

0-1444 

0-586 

0-602 

0-637 

— 


0-800 

1-6 

0-493 

0-730 

0-401 

0-H27 

0-647 

0-580 

0-50H 

0-636, 

— 

— 

0-800 

1-8 

0-476 

0-737 

0-385 

0-856 

0-652 

0-576 

0-505 

0-630 

— 

— 

0-350 

2-0 

0-4ltf) 

0-744 

0-371 

0-888 

0-658 

0-573 

0-508 

0-037 

— 


0-833 

2-5 

0-427 

0-779 

0-343 

0-074 

0-678 

0-560 

0-503 

0-644 

— 

— 

0-207 

3-0 

0-402 

0-804 

0-820 

1-081 

0-705 

0-560 

0-505 

0-652 

— 

-- 

0-260 

3-5 

0-88:1 

0-854 

0-305 

1-215 

0-738 

0-572 

O-fMM) 

0-662 

— 


0-246 

4-0 

0-:i6H 

0-807 

0-203 

1-352 

0-77.0 

0-577 

0-608 

0-673 

— 

..... 


4-5 

— 

_ 

0-283 

1-53 


0-588 

0-610 

0-083 

— 


— 

50 

— 

— 

0-270 

1-72 

— 

— 

0-626 

— 


— 

— 

.5-5 

— 

— 

0-270 

1-05 

— 



— 

— 



0-0 


— 

0-265 

2-20 

! 

1 

— 


— 


— 

Rpf. 

47 

52 

53 

:i3, 

34 

20 

2 

■u, 

1...:”’.. 

54 

51 

55 

47 


TrjJ = TaluciisiilplKiiiutc. 


n. A. RoBiNtMiN and (). J. liAKnn, Trtmit. liojf. Soc, ^V.Z., lO-iO, 76, 250. 
** F. Habtman and F. licisENFELU, Z. phyitUt. Ctiem-,, lOi, S77. 

” H. A. Hiidinsun, Trans. Faraday Soc., 1045, 41, 76U. 

M H. A. UuBiNSON, J. Am. Chem. Soc., 1035, 57, 1161. 

■■ R. A. lloBiNSON and 11. J. McCoach, Hid., 1047, 69, 2244. 
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PHYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE III, 0 (Continued) 
ACTIVITY COEFFICIENT8 AT 25 °C. 


m 

KAc 

KTol 

K- 

-CNS 


RbCl 

RbBr 

Rbl 

Bb- 

NOa 

RbAc 

C^OH 

CaCI 

CbBt 

0-1 

■ 

0-762 

0-700 

0-731 

0-764 


0-702 

0-734 

0-706 

0-705 

0-7.50 

0-754 

0-2 

rW!!] 


0-653 



0*705 

0-U5H 


0-761 

0-60^1. 


0-3 

0-754 

0-662 

0-685 


0-675 

0-673 

0-671 

riBii 

0-756 

0-744 

IjllW}] 





wmm 

0-.561 

0-652 

ri-650 

0-647 

0-565 

BTOI 

0-730 

0-628 


O-.'i 



0-040 

0-529 


0-082 

Wm 

0-534 

0-755 

0-730 

o-ono 

0-603 


0-754 

0-582 

0-633 


0-620 

0-617 

0-614 

0-508 

0-759 

0-742 

0-580 



0-750 


U-623 

0-477 



0-602 

0-485 

0-766 

0-7iH 

0-575 

0-571 


0-700 

0-541 

liTiff! 

0-456 

0-598 

0-505 

0-.5U1 

0-4fS5 

0-773 

0-754 

O-OIU 

0-558 

O-D 

0-774 

imjm 

0-606 

0-438 

0-uWI 

0-580 

0-5H3 

0-44(i 

0-782 

0-762 

o-5.5:s 

0-5-1.7 


0-783 

0-506 

0-5011 

0-421 

0-583 

fjgvHl 

0-675 

0-480 


0-771 

0*544 

0-538 

1-2 

0-803 



rBTiSI 

0.572 

0-505 


0-402 

0-R15 


0-520 

0-523 

1-4 

0-827 

0-448 

0-577 

0-360 

U-5Wi 

0-556 

0-551 

0-877 

0-840 

— 

0-51H 

0-510 

1-6 

0-854 

0-424 



0-550 

0-547 

0-544 

0-850 

0-889 

__ 

0-500 

0-51M) 

1-8 

0-881 


0-562 

0-332 

0-551 


0-587 

0-338 

0-9(M) 


0-501 


2-0 

0-010 

fff™ 

0-556 


0-546 

0-530 

0-583 

0-821 

0-933 


0-405 

0-486 

2-5 


0-847 

0-546 


0-530 

0-526 


0-285 

1-023 



0-474 

8-0 

1-086 



•— 

0-586 

0-520 

0-518 

0-257 

1*126 

— 

0-478 

0-165 

8-5 

1-181 



— 

0-530 

0-510 

0-516 

0-234 

1-240 

.... 

0-474 

0-4(j0 

4-0 

— 


0-528 

— 

0-53M 


0-.'!15 

0-216 

— 

. 

0-473 

0-457 

4-5 

— 


0-520 

— 

0-541 


0-510 

0-200 

— 

— 

0-473 

0-455 

5-0 

— 

— 

0-.524 

— 

0-546 

0-515 

0-517 


-- 

— 

0-474 

0-453 

5-5 


— 

— 

— 

— 


— 

— 

— 

— 

— 

— 

6-0 

““ 


— 


— 

— 

— 

— 

— 

— 

— 







10 , 

41., 

4t, 

47, 

47, 


10, 

M, 

Ref. 

47 

47 

52 

53 






36 








j 56 

56 

56 

56 

56 


36 

56 


Ac = Acetate. Toi ^ TolueiiCAiilplionate. 


J. H. JoNE.s, J. Phys, Clum., 1147, 51, 516. 

R. A. Robinson, J. Am, Chem, Soc., 1035, 57, 1165. 

" R. A. Robinson, i5td., 1146, 65, 2462. 

** R. A. Robinson, Tram. Ftmiday Soc,, 1980, 85, 1217. 
J, H. Jones, J. Am. Chem, Soc., 1948, 65, 1358. 
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ELECTROLYTES 
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TABLE 111, 6 (CmHimd) 

ACTlTfTY C0KFFIC1£NTS AT 25 °C. 


m 

Csl 

CsNOi 

fsAc 

A«NO, 

Tiao, 

T1NO, 

TlAc 

CuSO| 

MrSO, 

01 

0-754 

0-733 

0-790 

0-734 

0-750 

0-702 

0-750 

(0-150) 

(0-150) 

0-2 

0-002 

0-655 

0-771 

0-657 

0-052 

O-OOA 

0-086 

0-104 

0-108 

0-8 

0-051 

0-002 

0-701 

0-606 

0-500 

0-.545 

0-044 

0-088 

0-088 

0-4 

0-021 

O-SOT 

0-75D 

0-567 

0-550 

0-500 

0-014 

0-071 

0-070 

0-5 

()-5H9 

0-528 

0-7G2 

0-586 

0-527 


0-580 

0 -0G2 

0-008 

0-0 

0-581 

(l-Sdl 

0-708 

0-500 

— 


0-570 

0-050 

O-OGG 

0-7 

0-567 

0-478 

0-776 

0-485 

— 

— 

0-553 

0-052 

0-057 

0 -H 

(»-554 

0-458 

0-783 

U-4(Mi 

— 

— 

0-530 

0-048 

0-054 

0-0 

0-543 

o-4:to 

0-702 

u-un 

— 


0-526 

0-045 

0-051 

1-0 

0-533 

0-422 

()-8<12 

0-420 

— 

— 

0-515 

0-043 

0-040 

1-2 

0-510 

0-803 

0-826 

0-300 

— 

— 

0-4IKt 

0-030 

0-045 

1-4 

0-501 

0-368 

0-853 

0-374 

— 

— 

0-480 

0-087 

0-044 

1-0 

0-480 


0-883 

0.352 

— 

... 

0-46rt 

— 

0-042 

1-8 

0-470 

— 

0-916 

0..‘133 

— 

— 

0-4.Vi 


0-042 

2-0 

0-470 


0-950 

0.316 


— 

0-4>U 

— 

0-042 

2.5 

0-450 

— 

1 -on 

0-280 


— 

0-422 

— 

0-044 

3-0 

0-434 

..... 

1-145 1 

0-252 

— 

: 

0-405 


0-040 

3'il 

— 

— 

I-263 

0-229 

j 

1 

0-360 

— 

— 

4-0 


— 

“ 

0-210 

. 

— 

0-37»J 

— 

— 

4-5 


.... 


0-114 

...... 

— 

0-364 

— 


5-0 

— 



0-181 

— 

— 

0-;t54 

— 

— 

.1-5 

— 

— 


1 0-160 

..... 

— 

0-3^14 


— 

on 

— 

— 

'— 

; 0-150 

[.J 


— 

0-335 



Hrf. 

44, 

■ir. 

47, 

57 

56 

56 

56 

58 

58 


50 

56 

56 

1_ 


i 






Ac; — Ac*etaU‘.. 


“ J. 11. JONKH and U. R. Fiioning, ibid., 1041, 1072. 

» R. A. RoniNBON, ibid., 1D44I, H2, »1»1. 

" U. H. Stcikes, Tram. Faraday Sac., 1045, 41, GB5. 

K. A, Hcibinmon and J. M. Wilson, iWd., 1040, 30, 738. 
» J. 11. Junes, J. Am. Cham. Soc., 1047. 09, 2000. 
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PHYSICO-CHEBnCAL QUANTITIES 


XIV 


TABLE III, 6 (ConHnued) 
Acnvrry coevficientb at 25” C. 


m 

Zn- 

SO« 

Cd- 

SO« 

Mn- 

SO. 

Ni- 

SO, 

AlCI, 

ScCl, 

CrCla 

Ya, 

LaCl, 

CeCla 

PiCl, 

NdCIa 

01 

(•ISO) 

(•ISO) 


(•ISO) 

(-337) 


(•Bill) 

(•814) 

(814) 

RH 

(•811) 

(810) 


0-104 

0-102 

0-106 

0-105 

Ijj™ 

0-288 

0-208 

0-278 

0-274 


0-278 

0-272 



ijijijy 


0-084 


0-282 

0-204 



0-261 

0-260 

Imiii 





0-071 

0-318 


tIPm 

0-271 

0-261 

0-260 


0-259 

0-5 

0-068 

0-061 


0-063 

0-381 


0-B14 

0-278 

0-266 



0-264 

0-6 

0-057 


0-038 


0-856 

0-816 


liTO)! 

0-274 


0-268 

0-272 


0-052 

0-0.50 

0-053 

0-0.52 


rsm 

0-362 

0-807 

0-285 

0-2H6 

0-281 

0-284 



0-040 

0-040 

0-M7 

0-429 

0-869 

0-397 

0-829 


0-:l02 


■BWn 

O'B 

0-046 



0-044 

0-479 

0-403 

0-430 

0-855 

0-321 


0-816 

6-821 

10 

0 048 

0-041 


0-042 

0.530 

0-448 

0-481 

0-385 


0-342 

0-338 


1-2 

0-040 


O-O-M) 

0-080 

0-701 

0-.544 

0-584 

0-4fi2 




0-408 

1*4 


0-035 

0-088 


Q-Q:t« 

o-nrr 

— 

0-566 


0-460 

0-467 

0-480 

10 

0-080 


o-o;i7 

0-035 

1-284 

0-853 

— 

\rSIm 

0-561 

0-559 

0-558 

0-577 

1-8 

0-0.85 

0-082 

IliflBTn 

0-034 



_ 

0-S84 


0-684 

0-675 

0-704 

20 

0-035 

0-082 

0-085 

o-o:i4 


— 

— 

1186 

0-825 

0-847 

0-825 

0-867 

2<5 


0-082 

0-035 

0-035 

— 

— 

— 


— 

— 

— 

— 

U'O 


0-038 

IligBrn 

— 



— 

— 

— 

— 


— 

3*5 

0-04H 

0-035 

0-042 


— 


— 

— 


— 

— 

— 

40 



0-048 










UuT. 

58 

.58 

58 

58 

59 

59 

60 

59 

59. 

G1 

50 

59 

59 


“ R. A. Rohinkon, itrid., 1937, 59, 84. 

R. A. HomNsoN mid 1). A. Tait, Trans. Faradajf Soc., 1941, 37, 589. 
li. A. Robinhon and J. H. Junes, J. Am. Chem. Soc., 1986, 58; 950. 
C.M. Mason, ibid., 1988, 60, 1688. 

N. O. Smith, ibid., 1047, 69, 91. 
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TABLE III, 6 (CwnHfwed) 
Acnvrrv cokfficienth at 25 ”C. 




■ 


jffijHj 



Cr,(SO,), 

Th(NO,). 

01 

(0-8U) 

(0-818) 

(O-B10) 

(0-268) 

(0-18B) 

(0-0050) 

(0-0458) 

(0-27B) 

0-2 

0-278 

0-282 

0-285 

0-212 

0-100 

0-0225 

0-0800 

0-225 

0-8 

0-267 

0-270 

0-270 

0-184 

0-081 

0-0170 

0-0288 

0-208 

0-4 

0-266 

0-270 

0-281 

0-167 

0-070 

0-0158 

0-0207 

0-102 

0-5 

0-271 

0-276 

0-201 

0-155 

0-002 

0-0148 

0-0100 

0-180 

0-6 

0‘2RO 

0-286 

0-804 

0-146 

0-056 

0-0140 

0-0182 

0-188 

0-7 

0-206 

0-808 

0-822 

0-140 

0-052 

0-0142 

0-0181 

0-101 

OH 

0-314 

0-322 

0-344 

0-185 

0-048 

0-0140 

0-0185 

0-105 

00 

0-:i36 

0-345 

0-371 

0-131 

0-046 

0-0160 

0-0104 

0-201 

1-0 

0-862 

0-371 

0-401 

0-128 

— 

0-0175 

0-0208 

0-207 

1-2 

0-424 

0-4:iG 

0-474 

0-124 

— 

— 

0-0250 

0-224 

1-4 

0-500 

0-525 

0-505 

0-122 

— 

— 

— 

0-246 

10 

0-616 

0-641 

~ 

— 

— 

— ■ 

— 

0-260 

1-8 

0-75C 

0-702 

— 


— 

— 

— 

0-206 

20 

0-040 

0-BU5 


— 

— 

— 

— 

0-826 

2-5 

— 

— 

— 

— 

— 

— 

— 

0-405 

a-0 



— 

— 

— 

— 

— 

0-486 

8-5 

— 


— 



— 

— 

0-568 

4-0 

— 

— 


— 

— 


— 

0-647 

4-5 

— 

— 

— 

— 

— 

— 


0-722. 

6-0 








0-701 

Hiif. 

62 

62 

60 

63 

.56 

56 

IM) 

(Nl 


R. A. UoBiNBON, Trans. Faraday Sae.^ 1080, 25, 1220. 

•> C. M. Mahon, J. Am. Chan. Sue., 1841, INI, 22U. 

“ R. A. Robinhon iinil B. J. Levien, Trans. Roy. Soc. N.Z., 1940, 70, 285. 
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FIIYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE III, T 

OBMOnC AND AC11VITY CUEFFICIENTa AT UIOD CONCKNTHATIONS (m > 6) 



anniuM uvunuxinR 


m 210 

22-0 

23-0 

24-0 

25-0 

26-0 27-0 

28-0 

/, 2-780 

2-7B0 

2-77B 

2-704 

2-74D 

2-781 2-712 

2-020 

f± 

22-1 

24-B 

26-6 

28-0 

28-5 80-D 

S2-2 






















































B EliECTBOLYTES 669 


TABLE III, K 

MEAN ACTIVITY COEFFICIENT OF FOTASSIUM CHLOIIIDE IN AQUEOUS SOLUTION 


molality 

m 

0® 

6“ 

10® 

15® 

20- 

25" 

80- 

85® 

40® 

01 

0-Tti8 


0-760 

0-709 

0-770 

0-708 

0-768 


0-765 

0-2 

-717 

■718 

■718 

■719 

■718 

■719 

■718 

•717 

■715 


•C88 

-685 

•687 

■687 

-688 

•688 



■688 

0-5 



•648 


-651 


•051 

-648 

■646 

0-7 

-618 

019 

-623 


■627 


-629 

-027 

mcmm 

1-0 

-588 


•598 

-601 

-m 

•006 

-604 

■604 

■808 

1-5 


•570 

-.576 

-.570 

‘582 

-585 

-585 

•585 

•585 

2-0 

■547 

•554 


■568 

■573 

•570 

■578 

■576 

-578 

2-5 

-540 

-.549 

•556 



•572 

-.574 

-.575 

•575 

3-0 

-.530 

-549 

-.556 

-562 

■567 

■.571 

■573 

■574 

■573 

3-5 

-.540 

-550 

-558 

-505 

■571 

•574 

•577 

■578 

■578 

40 

_ 

— 

-.563 

-569 

•574 

■579 

-582 

■584 

-585 

_ 


11. S. Haunki) and M. A. Cook, J. Am. Chfin. Sttc., 1037, 1200. 


TADIJO III, Hu 

lilKAN Ai-IIVITY COlimrnCNT OF SODll'M imOMIDK IN AQIIKOUK KOLUIION 


jJality 

in 

(I® 

5" 

10- 

15® 

20° 

25° 

■lU" 

35® 

40® 

0-1 

(0-784) 

(0-784) 

(0-784) 

(0-783) 

(0-783) 

(0-782) 

(0-781) 

(0-779) 

(0-777 

0-2 

■738 

•739 

-741 

■740 

■741 

■740 

■739 

■737 

•734 

0-3 

■713 

■710 

■718 

-720 

■718 

■718 

•717 

■715 

■712 

0-5 

-085 

•089 

■803 

■093 

•095 

-695 

■094 

•692 

-089 

0-7 

•070 

■675 

-081 

•684 

•083 

■687 

-OBG 

-085 

•685 

1-0 

-059 

■067 

■675 

•OHO 

-684 

-080 

■687 

-080 

•686 

1-5 

-004 

•073 

■086 

-603 

■099 

■703 

■706 

•708 

■707 

2-0 

■679 

-09jl 

•708 

■719 

■727 

•7.34 

■739 

■741 

■743 

2-5 

■708 

-727 

■745 

■733 

•700 

■778 

•731 

-7N9 

■791 

3-0 

■745 

■760 

■787 

■802 

-815 

-826 

-834 

■839 

-842 

3-5 

■7H7 

■811 

•834 

•8.52 

-806 

■878 

■887 

■8D3 

-890 

4-0 

1 

-H32 

-858 

•885 

-905 

-921 

-934 

•945 

-951 

•954 


Anniracy: Aj^rcpmunt wiili Smith ^ luid Sfencer ■ to ±0'001. 
H. S. IIahned uiid C. C. CnAwrunu, ibid., 1037, 58, 1003. 


1 H. F. Smith, ibid., 1083, 55, 3279. 

* H. M. Sfenceh, ibid., 1032, 54, 4490. 
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TABLE in. B 

MEAN ACTITITY COEFnCIENT OF FOTASHIUM HYDROXIDE IN AQUEOUS SOLUTION 


molality 

m 

0" 

B 

10“ 

15“ 

20“ 

25° 

80° 

85“ 

0-05 

(0-B29) 

(0-828) 

(0-82B) 

(0-BS7 ) 

(0-825) 

(0-B24) 

(O-BBB) 

(O-BSB) 

0-1 

•705 

■TOO 

-708 

■7B8 

-7DB 

•708 

■706 

■7B8 

0-15 

•778 

-778 

■778 

•777 

•776 

•774 

■778 

•771 

0-25 

-758 

■757 

■760 

•758 

■757 

■757 

-758 

■751 

085 

-738 

■740 

■740 

•TUB 

•730 

■730 

■780 

-788 

0-5 

■787 

■786 

•785 

■784 

•782 

■728 

■725 

■725 

0-75 

-742 

■742 

•743 

■748 

■741 

•740 

-740 

■736 

1-0 

-755 

■730 

-758 

■757 

-750 

-756 

■755 

■752 

1-5 

-800 

-812 

■815 

■815 

•814 

-B14 

-812 

-800 

2-0 

-880 

•886 

■800 

•880 

-880 

■888 

■884 

-870 

2-5 

■074 

■078 

■081 

■082 

■BB(» 

■074 

-072 

-005 

8-0 

1-088 

1001 

1-004 

1-003 

1-087 

1081 

1-072 

1-065 

8-5 

1-210 

1-220 

1-281 

1-220 

1-210 

1-215 

MOO 

1-105 

4-0 

1-301 

_ 

1-805 

1-880 

1-381 

1-801 

1-352 

1-SR4 

1-314 


Aocurucy: Observed/^, anil calculated values a^!c tn it0-25 % 
H. 5. Harneu and M. A. Cook, J. Am. Chm. Soc., 1937. 59, 49S. 


TABLE III, 10 

mean activity coefficient of BOUIUM UYDBUXIDE TN AQUEOUS SOLUTION 


molality 
m (•) 

0“ 

B 


15“ 

20" 

2E’ 

80° 

85° 

005 

0-820 

0-821 


0-820 

0-810 

0-818 

0-818 

0-810 


■767 

-768 

■768 

•767 

-766 

•766 

■765 

-764 

0-25 

■718 

■715 

■716 

■717 

-714 

■718 

•712 

■712 

0-5 

•648 

■088 

-600 

•002 

•603 

-OOJI 

-008 

-604 

1-0 


-668 

-672 


-078 

•670 


-078 

1-5 

-601 

•660 

•678 

•681 

•082 

-688 

■685 

•688 


Accuracy: (') ±0-25% 


‘ 0-05 to l-5Af, H. 5. Harned and J. C. Hkckkr, J. Am. Chem. Soe., 1088, 55, 
4888. 
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TABLE III, 10 (CimfiniMitf) 


nudality 
m P) 

B 

10- 


80* 

40* 

B 

D 

70" 

1-5 

0-657 

0-670 



0-684 

0-674 

0-057 

0-635 

2-0 

-682 

•702 



-707 

-606 

•677 

-652 

8-0 

•763 

•766 

-780 


-788 

•767 

•742 

■711 

4-0 

-900 


-016 

•oil 

-805 

-872 

-880 


5-0 

1-100 

1-100 


l-OBl 

1-058 


-071 

-B2S 

6-0 

1-30 

wsm 

1-85 

1-32 

1-27 

1-21 

1-14 

1-07 

8-0 

2-35 

2-81 

2-17 


1-03 

1-78 

1-63 

1-48 


4-12 

mmm 

8-61 

8-81 

8-00 

2-67 

2-84 



7-10 

6-07 


5-11 

4-48 

3-70 

8-19 

2-65 


11-4 

10-00 

8-68 

7-43 

6-26 

5-20 

4-20 

8-48 

17-0 

22*5 

10-0 

15-82 


10-52 

8-30 

6-60 

.5-11 


^ 1*5 to G. AkkulOf iind G. Keoulks, J. Am. Chetn. Soc.^ 1040, 62, OSiO. 


TABLE III, 11 

ACTIVITIES OF WATER IN KIECTROLYTE SOLUnONB AT 25 ^C. 

Fcoin e.in.f. data for tbo cell Pt H, | 1I|S0« | PbSOt | PbO| Pi ainnimte. to 
i00CM)5 V. ^ 


Aq. KCl ttoluHon 


c (g.eqoiv./l.) 

—!<«• o„ 

c (B.iMiuiv./l,) 

—log. o„ 

0-06 

0-000738 

1-0 

0-014061 

0-1 

0-001450 

2-0 

0-02860 

0-2 

0-00!!B(->8 

SS-0 

0-04303 

0-8 

0-OU4250 

4-0 

0-06042 

0-5 

(1-002051 



Aq. H 1 SO 4 wi^tilion 

c 


c 

“in 

0-01 

0-00051 

2-0 

0-0186 

0-02 

0-00012 

5-0 

0-6081 


0-09801 

7-0 

0-5458 

0-1 


11-0 

0-8171 

0-2 

0-00278 

1.5-0 

0-1768 

0-5 

0-08205 

17-0 

0-12BB 

1-0 

U-06217 



R. H. Stokes, J. Am. Chem. Soc., 1045, 

67, 1086. 



H. S. Harned and W. J. Hamer, J. Am. Chem. Soc., 1285, 57, 27. 
S. Shankman and A. R. Gordon, J. Am. Chem. See., 1988, 61, 2370. 
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TABLE 

MEAN Acnvrry cobfrcient op 


From observed electromotive forces. ReBulls at concentrations less than m = 0'002 
are based on tlie data of H. S. Harned and R. W. Ehlers, (J. Am. Chm. i$oc., 
made a careful study of the hydroj^en silver-silver chloride cell containing 

were made for the solubility of 



Accuracy: Agreement between observed and calculated values to within ±0*25%, 
experimental accuracy: [vobably ±0-1%. 

































8 


ELECTROLYTES 


678 


III, 11 

HYDROCHLORIC ACID IN WAlliR 

were olitained from pkitB iiwd for extrapolation (yrIucb in brackelB). Tliese valucB 
1988, 55, 2179). N. J. Anderson, Diirertefion, University of Chicago (1984), luis 
hydrochloric acid at concentrations between 0*00002 and 0-003m. Corrections 
silver chloride and for other effects. 


80° 

85“ 

40“ 

45“ 

50° 

65“ 

00“ 

(0-98II0) 

(0-98B6) 

(0-9885) 

( 0 ^ 088 a) 

(0^9879) 

(0^087B) 

(0-9879) 

( -SBSS) 


( -0888) 

( -9835) 

( ■9831) 

( -9888) 

( '9881) 

( -9747) 

( -9748) 

( ■9741) 

( 9741) 

( ■9738) 

( -0785) 

( ■9784) 

( -9080) 

( -9047) 

( -9048) 

( ■9644) 

( ■BOOB) 

( -9686) 

( -9688) 


■9518 

-9505 

■9504 

•O.'SOO 

-9407 

•9491 


-0208 

-0265 

•0201 

•0250 

-9240 

•0285 

•9084 

-0025 


-9008 


-8990 

-8987 

>8741 

-8781 

■8716 

-8704 

■8090 

-8680 

-8600 

>8285 

•8205 

-8240 

•8232 

-8211 

-8105 

•8168 

-7940 

■7918 

■7891 

•7872 

•7850 

•7829 

•7818 

-7080 


■7569 

-7538 

-7508 

-7474 

-7487 

•7520 

■7477 

-7432 

•7887 

•7344 

•7292 

•7237 

•H018 

-7942 

-7865 

•7700 

•7097 

-7028 

-7541 

•8849 

•8740 

-8001 

•8517 

-8404 

-8276 

•8178 

•0929 

•9755 

•0602 

-0481 

-0327 

-0180 

•0072 

— 

— 

— 

— 

— 

— 

— 


Ill, i:i 

UYDROBROHIC ACID IN AQUEOUS SOLUTION^ 


30“ 

85“ 

4Kf 

45“ 

50“ 

55“ 

00“ 

0-866 

0-965 

0-964 

0-904 

0-964 

0-963 

0-063 

-020 

•928 

-928 

-027 

-020 

-924 

■934 


-905 

■9U4 

-004 

-002 


■898 

-879 

-878 

•877 

•875 

-878 

•871 

-869 

-887 

-884 

-838 

-831 

-830 

-827 

•826 

-804 

-802 


•797 

-705 

•791 

mm 

■780 

■777 

■774 

•772 

-760 

-765 


-784 

■781 

■776 

-772 

•767 

-704 

■700 

-864 

•860 

-850 

-844 

-838 

-831 

•828 


^ H. S. Habned, a. 5. Kebiun and J. O. Donelson, J. Am, Chm, Soc.^ 1987, 
68, 989. 
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TABLE Ill, 14 

MEAN ACTIVITY COEFFICIENT OF nYDROCHLOBIC ACID IN OBOANIC BOLVENTB AND 
OEOANIC SOLVENT-WATER MIXTURES 

= mol. fraction of organic solvent. (Figures in lirackets refer to references) 


I. Methanol 


molality 
of HCl 

m 

If. 

= 0-0588 

n 

If. 

= 0-1288 

P) 

or 

25" 

40- 

0" 

26" 

40" 

0-001 

0-904 

0-002 

0-001 

0-001 

0-050 

0-057 

-002 

-061 

•048 

-040 

-040 

-048 

-041 

-005 

-026 

■022 

-019 

-010 

KB 

-012 

-01 

-001 

■807 

-808 

■808 

■|fl 

-884 

-02 

-872 

■860 

■861 

•802 


-860 

■05 

-825 

-810 

-812 

■814 


-708 

•1 

■700 

-780 

■772 

■771 

■762 

-751 

-2 

-702 

■747 

-780 

■741 

■727 

•715 

-5 

-754 

-787 

-718 

-726 

■708 

-608 

1-0 


•783 

-750 

■772 

■747 

•722 

1-5 

•808 

-861 

■827 

■855 

-814 

•781 

2-0 

1-020 

-000 

-917 

-065 

-Oil 

■BOO 


= 1 (•) 


molality 
of HCl 

m 

a 

B 


m 

25- 

0-00280 

0-820 

0-01444 

0-058 


0-470 

-002683 

•817 

•01722 

•088 


•46B 

•002980 

-800 

•01980 

-621 


-448 

■008101 

■804 

•02806 

■001 


-428 

-00404 

•706 

■02S4P 

■592 


■826 

-00542 

-758 

■04261 

-682 

•5674 

■822 

-00711 

-782 

-04866 

■580 

— 

— 

-00086 

-000 

-06812 

■507 

— 

— 


^ H. S. Harned and C. H. Thomas, J. Am. Chem. Soc., IQBG, SB, 701. 
" G. Nondebel and H. Hartley, Phil. Ma/g., 1028, 60, (0), 2UB, 720. 
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TABLE ni, 14 (CrmltnifctfQ 


II. Ethanol 


N, = O'MIT (•) 

AT, = 0-0801 (•) 

JV.-0-5(* •) 


ffl 

25” 

m 

26” 

m 

25" 

m 


0-00681 

0-014 

0-004TD 

0-015 

0-005 

0-815 

0-005 


-00758 

-007 

■00787 

•804 

-01 

•767 

■01 


-OlOBB 

•801 

-01015 

•888 

-02 

■678 

■02 

-544 

•01087 

-804 

■01068 

-850 

-05 

•586 

-0249 

-614 

•04210 

■824 

-04150 


■1 

■521 


•445 

•OSlOO 

-814 


■7(H. 

■2 

•471 


■426 

■07085 

■705 


■775 

■5 

■482 


-852 

•0800 

•788 

-OBIG 


1-0 

■440 


•827 

■0885 

-788 



1-5 

.510 


■800 

•1001 




2-0 

-582 

-2 


•1000 

•744 

•8088 

-000 

2-5 

-007 

■4487 

■218 

■2000 

•781 

■4751 

•098 

— 

— ■ 

1-0 

•177 

-6050 

-780 

7m 

■700 

— 

— 

1-050 

•168 

-7014 

■743 

1-0216 

•741 

— 

— 

1-481 

•150 

•0046 

■770 

1-540 

-810 

— 

— 

8-62 

•150 

1-400 

■650 

8-070 

•030 

— 

— 

— 

— 

1004 

•954 

— 

— 

— 

— 

— 

— 


III. limpropanul (*) 
JV, == 0-082a 


m 

25’ 

m 

25" 

m 

25” 

0001862 

0-946 

0-08558 


0-2090 

0-720 

■004019 

■027 

-04865 


•4451 

■723 

•006856 

■911 

■06685 


-6008 

■787 

■008616 

-809 

■07947 


•8863 

•757 

-00802 

■808 

■1110 


1-0 

■770 

-02080 

-858 

-1021 

-740 

— 

— 


* II. S. Habned and C. Calmun, J. Am, Cfim, Sor,, im, 61, 1401. 

* 11. S. Habned and M. H. Flkvhher, ibid,, 1025, 47, H2. 

■ IV. IV. Lucabbe, Z.physik, Chm,, 1020, l&l, 254. 
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XIV 


TADLE III, 14 (OnUinued) 


IV. Glycerol (■) 


Ill 

Nt = 0-01 

25* 

If, = 0-05 

25‘ 

m 

N, = 0-01 

25° 


0-002 

0-051 

WSM 

0-5 

0-755 

0-787 

-005 

-024 


0-7 

-772 

•760 

-01 

-902 

Wmm 

1-0 

-810 

-801 

-02 

•873 


1-5 

-901 

-901 

-05 


-810 

2-0 

1-010 


•1 

-798 

■775 

2-5 

1-101 

M90 

-2 

■784 

-744 

3-0 

1-845 

1-885 

-2B 

-766 

-788 

4-0 

1-792 

1-914 

-88 

-758 

-738 

— 

— 

— 


Accuracy: Agreement lietween observed and calculated is iiO'OOl - 0'002. 
Accuracy of basic c.in.f. data is ±0-05 mv. 


TABLE 111, 15 

ACTIVITY CUEFFICIENTS OF BALTS IN ANHYDROUS AMMONIA AT — 50 °C. 


4(NH,N0J 

4(NH,C1) 

cmol/1. 

4 

c mol/l. 

4 

0-0001 

0-958 

0-005 

0-428 

0-0002 

0-985 

0-01 

0-341 

0-0005 

0-888 

0-02 

0-266 


0-824 

0-05 

0-188 

0-005 

0-578 

0-1 

0-148 

0-01 

0-406 

0-2 

0-106 

0-05 

0-282 

0-5 

0-070 

0-1 

0-216 



0-5 

0-122 



1-0 

0-104 




V. A. Pleskov and A. M. Monosbohn, Acta Pkyiticoehini., VM,S.S., 1D84, 1, 718. 
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TABLE HI, 10 

MEAN Atrnvrry coefficients op hydrociilobic acid in dioxane-wateh mixtures 

(Jl = wt.% dioxane) 
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TABLE HI, 10 (Cbnfiniiaq 


-Y = 70 


m 

0* 

10" 

20” 

25" 

80" 

40" 

60" 

(MMl 



0-705 


0-696 

0*086 

0-076 

-0016 



■6S0 

-651 

-047 

-030 

-024 

■002 



-028 

•818 

-018 

-001 


-008 


-582 

-578 

-568 

•508 

•552 


-005 


HI 


-505 

-400 

-487 


-007 

-488 

mm 

-408 

-402 

■457 

•444 


-01 

446 

-480 

-425 

-418 

-413 

401 

-888 

-02 



-848 

-;i42 

-836 

•824 

•812 

-08 



•808 


-207 

*280 

-275 

-06 

-208 


-204 

-258 

-258 

-248 

-282 

-07 

-250 

•240 

-280 

-284 

-220 

-210 

■903 

•1 

-280 

-226 

•217 

-212 

■207 

•107 

-186 

-2 

-204 

-104 

-185 

•IBO 

-175 

■105 

-150 

-8 

-108 

-182 

-178 

-108 

•108 

•154 

-144 

-6 

-101 

-170 

-100 

•108 

-158 

-147 

■137 

-7 


-187 

-175 

-108 

-102 

-150 

-180 

1-0 

-227 

-211 

-105 

•187 

■170 

■165 

-151 

1-5 

•003 

-277 

-252 

-240 

-228 

•207 

-187 


A' = H2 


m 


15" 

2S° 

85" 

45“ 

0-001 


0-4129 

0-3070 

0-8705 

0'85D2 

-0015 


■3027 

-8488 

■3318 

•8120 

•002 


-8277 

•8147 

■2300 

■2310 

-008 

-2802 

•2781 

■2382 

•2558 

-2878 

■005 

■2S1P 

•2207 

-2181 

•2062 

-1010 

-007 

-2010 

-1977 


-1791 

•1054 

•01 

•1744 

■1707 

•1623 

-1520 

-1412 

-025 

-1472 

-1440 

•1871 

-1282 

-1170 

-02 

-1811 

-1274 

-1218 

-1131 


•08 

-1112 

-1070 

-1020 

•0046 


■05 

-0012 

-0870 

-0820 

-0700 

■H 

■07 

•0780 

■0750 

-0718 

-0050 


•1 

■0701 

•0675 


-0582 


•15 

-0627 

■0507 


•0518 


■2 

-0580 


■0521 

-0470 

-0425 

•8 

-0503 

■0S32 

-0400 

-0448 

-0802 

-5 

•0505 

-0554 

-0504 

-0445 

-0886 


H. S. Harned and J. U. Morrison, Am. J. Sci., 1D87, 33, 101; J. Am, Chtm. Soc., 


1030, 53, 1008. 
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TABLE m. 17 

ACTIVITY COEFFICIENTS OF LF«AD CHLORIDE IN ETHYLENE OLYCOL-WATEE MIXTUBES 

AT 25 "C, 


iM 

100% 

H,0 

78*25% 

H,0 

87*40% 

1^0 

87*50% 

H,0 

10*80% 

H,0 

0% 

11,0 

0-001 

0*012 

0-910 

0-895 

0-866 

0-828 

0-798 

0-008 

0-847 

0-844 

0-820 

0*775 

0-715 

0-677 


0-791 

0-786 

0-755 

0-701 

0-687 

0-591 

0-008 

0>T04 

0*768 

0-724 

0-666 

0-594 

0-558 

0-01 

0-740 

0-782 

0-697 

0-685 

0-562 

0-520 

0-08 

0-604 

0-5D3 

0-551 

0-483 

0-407 

0-864 

O-Ofl 

0-505 

0-494 

0-450 

0-885 

0-816 

0-278 


0-464 

0-452 

0-410 

0-848 

0-282 

0-241 


0-418 

0-402 

0-863 


0-248 



0-885 

0-372 

0-336 

0-288 

0-226 

0*182 

0-2 

0-835 


0-200 

0-248 

0-196 

0*144 


— 

0-286 

0-217 

0*188 


— 

0-B 


0*106 

0.160 

0.148 


““ 


Solvent rotiiiMisition is us wt.% IT|0. 


ACIIVITY COr.VFlClEN'l'S OF TIIALLOHS Ciri.URIUE IN (il.Yl'OL-WAl'Rn MIXTURES AT25 °C. 


/m 

0% 

Glycol 

20% 

6l3rool 

«% 

Glycol 

00% 

Glycol 

80% 

Glycol 

100% 

Glycol 

0-001 

0-957 

0*058 

0-950 

0*917 

0*800 

0*827 

0-004 

0-B21 


0-895 

0848 

0-807 

0-721 

0-007 

0*897 

0*880 

0-861 

0-808 

0-763 

0-668 

0-010 


0*882 

0-883 


0-732 


0-040 

0-777 

0-789 

0-095 

0*048 

0-605 

0-508 

0-100 

0-680 

0-615 

0-576 

0-544 

0-518 

0-427 


0-529 

0-470 

0-441 

0-430 

— 

— 



0-414 

0-887 


— 

— 


0-845 

0-349 

0-832 

0*880 




Aocumcy ofis better tluui :t0'005 for all values of concentration. 
A. B. Gahbett d, al., J, Am, Chtm, Site,, 1948, S6| 1406. 
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TABLE 


INDIVIDUAL ACTIVITY COEFYICIENTB OF IONS IN WATER AT 


These values have been calculated from the equation: log ft = 


— 0-858 «,■ ru 
1 + 10>a'<0-2825r/i 


hydrated ion and T = 2 /m . 

Values of a'l are derived by various methods (see Kielland, loe, cit,). The ions 


Inoiganic Ions 

mi 

m 


D 


LI-. 

0 

mBM 

Hb', Cs‘, Tl', Ag'. 

2-5 

■975 

K-, Cr, Br', I', CN', NO|', NO/. 

8 

-B75 

OH'. F', NCS', NCO', HS', CIO/, CIO/, BrO/. 10/, MnO/ 

8-6 

•975 

Na-, CdCr, CIO/, 10/, HCO,', H|PO/. HSO/, ll/tsO/, 



[Co(NH,).(NO,)J- . 

4-5 

-D75 

Hg,”, SO,", S,0,", S,Q,", SA". SeO,", CiO,", H1*0," . 

4 

-908 

Pb". CO,", SO," MoO,". [Co(NH,),CI]", [¥cics\my' 

4-5 

■908 

Sr", Ba", Ha", Cd". Hg", S", S,0/', WO/' .... 

5 

-908 

Ca", Cu", Zn", Sn", Mn", Fc", Ni", Co" ..... 

6 

-905 

Mg". Be". 

B 

•BOO 

PO,'", [Fe(CNV]"', [CUNH,),]-. [Co(NH,).]-, [Co(NlUH,0] " 

4 

•790 

[Co(cthylencdian(une)|]"'. 

6 

■798 

Al’", Fe'", Cr"', Sc'", Y"', Iai'", In'", Ce"’, Pr"', Nd"', Sm'" 

B 

-802 

[Fe(CN),]"". 

5 


[C«(S,0,)(CNU"". 

6 

•070 

Th"", Zr"", Ce"", Sn"".. . 

11 

-078 

[Co(S(},),(CNy'"". 

B 

542 

Organic Ions 

HCOO', eitmte', CH,NH,', (CH,),NH/. 

3*5 

0-975 

NH,'.CH,COOH, (CH,).NH', C,H,NH/. 

4 

-975 

CH,COO', CHiClCOO', (CTI,),N*, (C,H,),NH,', NH,CH,COO' 

4-5 

•975 

CHa^', CCI,COO', (C,H,),NH'. (C,H,)NH,- . . . 

5 

•075 

QHiCOO', C,H,OHCOO', (;h,cicoo', C,H,CH,C00', C1I,= 



=CHCH,COO', (CH,),C=:L'HCOO', (C,I].)|N', (0.11,), NH,' . 

0 

■975 

(C,H,)(Na,),0', (C,H,),NH-. CH,OC.H,COO' .... 

7 

■975 

(q,lI,).(HCOO', . 

8 

-075 

(COO),", citrate". 

4-5 

•903 

H,C(COO),", (CH,COO)/', (CHOHCOO),". 

6 


C,H,(COO),", H,C(CH,COO),", (CH,CH,COO),".... 

0 

•905 

OOC(ClI,),COO", OOC(Cll,),COO", Congo red anion" . . 

7 

•BOO 

Citrate'". 

5 

•790 


J. Kielland, /. Am. C/iem. Soc., 1037, 59, 1075. 
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ni, IB 

SS 'C. UliCDLATED FHOM IBB DBBYE-llOCKEL THROBV 

where ft ii the ntiomil Bctivity ooellicient, a't ii the effective diuBcter of the 


are grouped acoording to their effective iliametera of hydration, a'l. 


0-002 

0-005 

0-01 1 0-02 1 0-05 

total ionic conoentratiDn 

0-1 

0-2 

MM 

mm 



eM 


0-88 






•885 

*80 







•75 





■■ 


-755 

•904 

-046 

■B26 

-000 

-855 

-81 

■70 

-964 

•047 

-028 

-002 

•86 

■B2 

•775 

•807 

-80!1 

-740 

-660 

-545 

-445 

-855 

•808 

-805 

•742 

-665 

•55 

-455 

•87 

•868 

-805 

-744 

■07 

-555 

-405 

-88 

•870 

-BOO 

■740 

•675 

■57 

-485 

•405 

•BTB 

-813 

■756 

-GO 

-505 

-52 

-45 

•725 

•012 

•505 

■SU5 

■25 

-10 

■0B5 

•7;u 

•620 

•52 

-415 

•28 

-105 

-18 

-788 

-082 

-.54 

-445 

■325 

-245 

-18 

•57 

■425 

•31 

•20 

•10 

•048 

-021 

•575 

•48 

•315 

-21 

-105 

•055 

-027 

•588 

•455 

•85 

-255 

•155 

-10 

-065 

•48 

•28 

•18 

■lUS 

•045 

-020 

-009 


-004 

0-9M 

0-026 

0-000 

0-855 

0-81 

0-76 

•064 

•047 

-027 

•001 

•855 

-815 

■77 

■MM 

•047 

•028 

•002 

•80 

•82 

•775 

•004 

■047 

•028 

•004 

■B65 

-88 

■70 

•BBS 

•048 

•929 

•007 

■B7 

-835 

•80 

-005 

-048 

■KM 

•000 

-875 

•845 

•81 


-1)40 

•031 

•012 

-880 

•85 

-82 

■B67 

-804 

•741 

■062 

•55 

-45 

-30 

-808 

-805 

•744 

- 67 

-555 

•405 

•88 

-870 

■BOB 

■74B 

■675 

■57 

•485 

•405 

-872 

•812 

•755 

-085 

•58 

-50 

-426 

-728 

■610 

■51 

■405 

■27 

-18 

115 
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PHYSICO-CHEMICAL QUANTITIEB 


XIV 


TABLE III, IB 

MEAN IONIC ACnVlTY COErFlClENTS FOB SALTS IN ANHYDBOUS AMMONIA AT 25 "C. 


Tliese activity coefficieDts (/±') aie derived with reference to an sibitnuy unit 
activity at molality of salt = 1. 


NH(NO, 

NH«a 

NHiBr 

SBJi 

HoUity 

■a 


■a 

Molality 

■a 

Molality 

f± 

48-9 

1-17 

24-4 

0-280 

24-8 

1-26 

25-4 

11-5 

84-5 

1-19 

18-9 


17-8 

0-714 

18-0 

5-00 

22-8 

1-05 

10-7 




14-8 

2-90 

15-2 

0-779 

5-49 

0-2S5 

5-28 


9-82 

1-18 

B-08 

0-510 



2-39 

0-577 

5-21 

0-070 

4-19 

0-488 

1-00 


1-28 

0-857 

8-lB 

0-044 

1-07 

0-677 

1-00 

KWH 

0-D7B 


1-88 

0-868 

1-40 

0-825 


1-14 


1-42 

1-07 


1-14 



1-08 


1-98 


1-00 






2-lD 


1-21 

0-50B 

1-49 






1-87 

0-411 

1-09 








W.E.Labson and 11. Hunt, J. Phyn, Chem,, 1B85, 39| 877. 


TABLE 111, 20 

ACI'IVITV COKFFICIEN'rS OF HYDBOOEN CHLOHIUK IN ANIIYDBOUH ACETIC ALTD AT 25 °C. 


e (mols./l.) 

4(nci) 

c (mol/l.) 

4 (HOI) 

0-0004 

2-81 

0-0400 

20-41 

0-0010 

4-87 

0-0025 

25-01 

0-0080 

7-06 



0-0004 

9-08 

0-1215 

84-78 

0-0100 

18-80 

0-1000 

40-74 

0-0225 

15-80 




Accuracy: These values of/± are calculated fhim e.m.f. data accurate to ±0-001 v. 
Tile coiresponding accuracy of is ±0-005. 

B. 0. Heston and N. F. Hall, J, Am. Chm. Soe., 1084, 50, 1403. 
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ELECTROLYTES 


688 


TABLE 111, 21 


HAinND UUT CONSTANTS k\ IN THE EQUATION log /m = k* i(M) 
(where /m ionic strength, /« == activity of the non-electrolytc a;). 


Non-rJectrolyte/Salt 

Ionic 

strength 

/m 

“C. 


H,/HC1 

0-505 


o-oao4 


1-010 

25 

0-0240 


a-oBo 

0-0201 


81B6 


0-0170 

H^SOi 

0^57 


0-0160 


1-527 

25 

o-om 


B-llO 


0-0188 

IVNbCI 

0-B37 


0-0042 


2-125 

15 

0-0070 


5-2S0 


0-0880 

HjKa 

0-584 


0-0855 


1-088 

15 

0-0800 


8-171 


0-0720 

HJOgSO, 

1-782 


0-0570 


0-520 

15 

0-0572 


10-00 


0-0577 

lycaa. 

0-088 


0-0081 


8-800 

15 

0-0650 


8-870 


0-0680 

Hi^AlCI, 

8-200 


0-0207 


8-250 

15 

0-0202 


11-28 

0-0282 


10-74 


0-0208 

ojBa 

0-505 


0-0886 


1-010 

16 



2-080 


0K1822 

0,/H,SO. 



0-0861 



15 

0-0814 


8-108 


0-0008 
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PHYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE III, 21 (CoriHnutd) 


Non-electrulytc/Sali 

Ionic 

strength 

“C. 

llMl 

OJSM 

0-505 


0-1II8B 


1-018 

15 

0-1200 


2-072 


0-1320 

OJK^, 

0-760 

15 

0-1081 


1-563 

0-1070 

Ni/NaCl 

0-115 


0-346 


0-3r2 

25 

0-200 


1-170 

0-107 


2-270 


0-205 

Ni/BaCl, 

0-500 


0-153 


1-070 

25 

0-123 


2-310 


0-108 

N,0/HC1 

0-505 

15 

■■■ 


KIIB 


NiO/H^SO, 

0-757 


0-0280 


1-527 

15 

0-0253 


3-108 


0-0213 

N,0/TJCI 

0-505 

15 

0-0877 


1-010 

0-0860 

N,0/NaCl 

1-178 


0-1050 


2-426 

15 

0-1084 


4-761 


U-0040 

N,0/Ka 

0-508 

15 

0-0054 


1-031 

0-0858 

nfiiaba 

0-500 

15 

0-0806 


1-036 

0-0767 

N,0/CiCI 

0-511 

15 

0-0501 











8 


ELECTBOLYTES 


685 


TABLE m, 21 (CntUinue^ 


Non-dectiolyte/Salt 

Ionic 

strength 

iw 

"C. 

^,^10*/. 

/m 

N,0/GaCl, 

2>B01 

15 

0-0052 


O'SIO 

0*0081 

N^/AI(NO,), 

21172 

16 

0-0520 


fl-144 

0-0875 

Benzoic acid/NaCl 

0*01 DB2 


0-163 


0-05010 


0-197 


0-1002 

25 

0-lDl 


0-2009 


0-190 


0-5022 


0-180 

Benzoic acid/KCl 

0-02004 


0-130 


o-nsnus 




0-1001 

25 



0-2008 




0-5074 


0-180 

Benzoic acid/BaCii 

O-OO^Ml 


0-101 


0-1425 

25 

0-099 


0-20B8 

0-OB7 


0-0048 


0-100 

o-Toluic ncid/NaCl 

0-01200 


0-217 


0-05000 

25 

0-281 


0-1000 

0-287 


0-2500 


0-220 

o-Toluic ucid/BaCl| 

0-08000 


0-208 


0-1494 

25 

0-134 


0-8000 

0-188 


0-7500 


0-128 

o-Nitiobenzoic add/NaCl 

0-02006 


0-194 


0-05008 


O-IBO 


0-1002 

25 

0-187 


0-4967 


0-192 


0-9088 


O-IM 
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PHYSICO-CIUEMICAL QUANTITIES 


XIV 


TABLE III, SI (CMiMnuol) 


Non-electrolyte/BBlt 

Ionic 

Btrength 

/m 

“C. 

ita) 

o-Nitrobenmc Bcid/BiiCl| 

0-08720 


-^0K»0 


0-1400 


0-108 


0-2968 

25 

0-096 


0-7888 


0-118 

Acetic odd/LiCl 

0-100 


0-078 


0-261 

25 

0-078 



0-089 


1-560 


0678 

Acetic acid/NaCl 

0-1001 


0-056 


0-251 




0-5045 

25 

0-062 


1-018 


0664 


2-or2 


0-068 

Acetic add/KCl 

0-1008 


0-026 


0-2520 

25 

0-026 


0-5075 

0-027 


1-081 


0-026 

Acetic BCid/MgS 04 



0-014 




0-018 


2-0 

25 



4-0 


0-022 


8-0 


0-025 

Phenylthiourea/LiNOa 

— 


—06186 



20 

-0.0154 



-0-0120 


1-081 


—0.0067 

Fhenylthioiireii/NEiCl 

0-126 


0-1682 



20 

0-1862 


0-505 

0-1288 


1-018 


0-1888 
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ELECTBOLTTEB 


687 


TABLE m, 21 (ConMmicri) 


Non-electrolyte/Salt 

Ionic 

strength 

-fw 

"C. 


Phenylthiourea/KGl 

0-125 


0-1232 


0-252 

20 

0-1486 


0-508 

0-1081 


1-081 


0-1046 

Phenyltliiourea/BaCl, 

0-180 


0-1381 


0-376 

20 

0-0845 


1-523 

0-0780 


a-ODS 


0-0652 

Phenylthiourea/AlClg 



0-1272 



20 

0-0724 


1-003 

0-0624 


2-014 


0-0550 


M. Handall and C. V. Failkv, CAem. Beo., 1027, 4, 271. 


TABIiK III, 22 

SALllMG UUT BAUD UUNBTANT8 * 

* The taUing out toHo coMiant is defined by the eqiuition — = kc and npproxi- 

8 

inatcB to the Balling out constant log , 

where Bg is tlic solubility of tlic non-electrolyte in the pure solvent 
and 8 is the solubility of the non-electiolyte in a solution of electrolyte in 
tlie same solvent under the same conditions. 

As = (so — s) = the salting out of the non-electrolyte. 

Solvent composition is given os wt.%. 

See J. O'M. Bockrib and II. Euan, Tram. Fnraday Soc., unpublished. 


(Electrolyte eoiioentration expressed as molality) 


Non-electrolyte/Salt 

Solvent 

D 

Concentration 

of 

electrolyte 

k (=s salting 
out ratio 
constant) 

N^/Naa 

H,0 

25 

1-000 

0-19 



85 


0-26 



45 

1-000 

0-45 



55 


0-49 



65 

1-000 

0-48 
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PHYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE III, 22 (OinHniMd) 


Non-electnilyte/SBlt 

Solvent 

•c. 

Concentration 

of 

electrolyte 

k (= Baiting 
out ratio 
constant) 


EtOH/HfO 




N|/Naa 

0-0% Eton 

25 

1-025 



10-0% EtOH 

25 

1-025 

0-02 


14-0% Eton 

25 

1-025 

0-04 


22-0% EtOH 

25 

1-025 

0-07 


27-1% EtOH 

25 

1-025 

0-12 


84-0% Eton 

25 

1-025 

0-15 


44*7% EtOH 

25 

1-025 

0-18 


Dioxan/H,0 





0*0%Diuxan 

25 




5-a%Dioxan 

25 


-0-88 


11-0% DJoxan 

25 

1025 

—1-18 


aO-7% Dioxan 

25 

1-025 

—0-66 


24*1 % Dioxan 

25 

1-025 

-0-54 


80-7% Dioxan 

25 

1-025 

-0-27 


Et0H/H,0 




Benzoic acid/NaF 

0-0% EtOH 

25 

0-500 

—2-00 


110% EtOH 

25 

0-5(N) 

—1-56 


1B-B% EtOH 

25 

0-500 

—1-27 


24 8% EtOH 

25 


—1-08 

Benzoic aeid/NaCl 

HaO 

80 

1-000 

0-32 



35 

1-000 

0-32 



45 


0-88 



55 

1-000 

0-34 



65 

1-000 

0-36 



75 

1-000 

0-36 


MeOH/11,0 





0-0% UeOH 

25 

1-025 

0-82 


S-8% BIcOH 

25 

1-025 



10-1% HeOH 

25 

1-025 

0-27 


20-5% MbOH 

25 

1-025 

0-21 


m% MeOH 

25 

1-025 



40-7% HeOH 

25 

1-025 

0-11 


52-e% HeOH 

25 

1-025 



52 0% HeOH 

25 

1-025 

0-00 
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ELECTROLYTES 


089 


Table iiip 22 (Ctmiiiiiieii) 


Non-electrolyte/Salt 

Solvent 

■ 

Concentration 

of 

electrolyte 

k (= salting 
out ratio 
constant) 

Benzole add/Naa 

5-S% KtOH 

25 

1-025 

0-27 


10-0% EtOH 

25 

1-025 

0-24 


201% EtOH 

25 

1-025 

0-04 


80-6% Eton 

25 

1-025 

-0-11 


40-2% EtOH 

25 

1-025 

-0-00 


40>7% EtOH 

25 

1-025 

0-01 


54 0% EtOH 

25 

1-025 

0-01 


ia- 6 % Eton 

25 

0-100 

0-27 


ao- 4 % Eton 

25 

0-100 

0-11 


31-4% EtOH 

25 




42-0% KtOH 

25 


—005 


40-8% EtOH 

25 


—0005 


58-1% EtOH 

25 


0-18 


«7'B% EtOH 

25 


O-BO 


70-0% EtOH 

25 


0-58 


H,0 

25 

0-100 

0-48 


5'1% Dioxan 

25 

1-025 

0-30 


10‘0% Dioxuu 

25 

1025 

0-2D 


20'0% Dioxan 

25 

1-025 

0-22 


24-2% Dioxan 

25 

1-025 

0-17 

Benzoic add/NaCl 

H|0 

25 

2-U(NI 

0-20D 



25 

8-500 

0-201 



25 

5-000 

0-153 



25 

G-000 

0-187 

Benzoic acid/NEt^I 

H|0 

25 

0-500 

—1-75 


11-0% EtOH 

25 

0;500 

—2-51 


18-8% EtOH 

25 

0-500 

—1-74 


24-8% EtOH 

25 


—1-68 


87-0% EtOH 

26 

0-500 

—0-55 





















PHYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE in, 22 (CiimlimieQ 


Non-ekctfolyte/SoH 

Solyent 

“C. 

CoDoentntion 

of 

electrolyte 

k (= BBhing 
out ratio 
constant) 

Hydioquinone/HI 

H,0 

25 

0*250 

0-17 

Hydroquinone/NMeil 

H,0 

25 

0-100 

—1-15 



25 

0-280 

-0-68 

Hydroquinone/NFk'J 

HiO 

25 

0-100 

^•7 



25 

0-250 

—2-8 

Hydfoquinone/NEtil 

U,0 

25 

0-100 

—8-lil 



25 


-1-28 

Hydroquiiione/NH;|I 

H,0 

25 


0-10 



25 


0-08 

llaniiitol/NaCl 

H,0 

25 

1-025 

0-12 



85 

1-025 

0-05 



45 

1-025 

0-04 



55 

1-025 

0-04 



25 

— 

0-14 



25 

H 

0-11 


10 5% MeOH 

25 

n 

—il-OB 


20-7% HeOH 

25 


—0-80 


888% HeOH 

25 

1-025 

—0-05 


i7B% Eton 

26 

1-025 

-0-07 


81-7% Eton 

25 

1-025 

—0-18 


80-7% EtOH 

25 

1025 

—0-81 


42-4% BtOH 

25 

1-025 

-0-51 
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ELECTROLYTES 


691 


TABLE ni, 22 (Ckmtiniied) 


Non dectrolyte/Salt 

Solvent 

“C. 

ConeentfBtion 

of 

electrolyte 

k (= Baiting 
out ratio 
constant) 

Mannitol/BaClf 

H.0 

25 

— 

0-240 



B5 


-0-126 



46 

1-025 

—0-187 



55 

1-025 

^-218 



25 


0-410 



25 


0-284 


]0-5% MeOH 


1-025 

-0-1 BO 


10-6% MeOH 


1-025 

—0-435 

BCnnnitol/MgCl, 

H,0 

25 

1-025 

0-188 



85 

1-025 

0-087 



45 

1-025 

0-117 



55 

1-025 

0-246 



25 

0-518 

0-248 



25 

1-587 

0-007 


10-6% MeOH 

25 

1-025 

—0-005 


20-7% MeOH 

26 

1-025 

-0-250 


82-2% MeOH 


1-025 

—0-054 

Mannitol/AlCJ, 




0-180 





-0-120 



45 

1-026 

-wm 



55 

1-025 

0-144 



25 

0-518 

0-176 



26 

1-587 

0-211 
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PHYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE ni, 22 {ConHntudj 


Non-clectrolyte/Selt 

Solvent 

B 

Concentration 

of 

electrolyte 

k (a salting 
out ratio 
constant) 

MAnnitol^AICli (Gufild.) 

10-5% HeOH 

25 


—0-085 


aO-7% MeOII 

25 

1-025 

-0-129 


8S-2% MeOH 

25 

1025 

-0-087 

Cinchonine/Nal 

McOH 

25 

0-500 

0-280 



25 

1-000 

0-220 



25 

2-000 

0-152 



25 

2-500 

0-128 



25 

8-000 




25 

3-500 

0-104 


EtOH 

25 

0-500 

U-240 



25 

l-(NX) 

0-242 



25 

1-500 

0-20G 


n-PrOH 

25 

lINN) 

mKjl 


n-BiiOH 

25 

1-000 



n-AniOH 

25 

l-(NM) 



i-l’iOH 

25 

1-000 

0-2.54 


scc-DuOH 

25 


-0-309 


acetone 

25 


—0-609 


Methyl ctliyl 

25 

l-OOO 

—2-818 


ketone 




PheDylthioiirea/N aCl 

11,0 

25 

1-000 

0-81 



35 

1-000 

0-80 



45 


0-29 



55 


0-31 



65 

1-000 

0-84 



75 

1-000 

0-86 


J. O'M. Bockris and II. Egan, Traru. Faraday Soc., unpublished. 
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ELECTROLYTES 


TABLE ni, 2fl 

ACTTVITY COEFFICIENTS OF FUSED BALTS 


AgCl in PbClg 


Bill], Fraction 

1-00 

1 

0-B 

0-6 

0-46 

0-S 

0-2 

0-1 

4 (600'C.) 

1-000 





0-081 

1-021 

4 (600 "C.) 



n 



0-003 

1-084 


E. J. Sakstuom, >7. Am. Chnn. Sac., 1034<, 56, 1272. 


riiBr, in PbC1| 


Mol. Fruction 

PbBr, 

100 

0-80 

0-00 

0-50 

0-45 

4 (450-C.) 

1-000 

0-873 

0-760 

0-682 

0-588 

4 (500 "C.) 

1-(HKI 

0-586 

0-787 

0-667 

0-581 

4 (550 "C.) 

1-000 

0-845 

0-713 

0-652 

0-570 


K. J. Salstkom niul J. 11. IIiujiuiuand, J. Am, Chnn. Sac., IDSU, 52, 4041. 


AgBr in Lillr 


Biol. Fnictiqn 

1-0000 

||R|||H 


0-2548 

0-1100 

4 (500 "C.) 

1-0000 

1-211 

1-477 

2-040 

2-651 

4 (650 "C.) 

1-0000 

1-1 DO 

1-432 

1-050 

2-457 

4 (600 °C.) 

1-0000 

1-104 

1-408 

1-887 

2-803 


K. J. SalstbOm litirl J. H. Hildebranii, J. Am. Chem. Sac., 1030, 52, 4050. 
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TABLE Ill, 28 [ConHmud) 


PbCla in ZnCl, 


Mol. Fraction 

1* ** 000 

0*885 

0*688 






■ 

■ 

■ 





Aucurocy of these detcnninAtioiis: e.m.f. measured to ±0-2 inv. Calcnilated 
/± accurate to £0*001. 

A. Wachter and J. H. IIildedhand, J. ilm. Cfum. 5oc., 1080, 52, 4655. 


TABLE III, 24 

HYllBA'nON NUMBERS OF UNIVAI.KNT IONS IN AQUEOUS SOLUTION AT 25 °C. 


\Mcthod 

Ion 

Activity 

(*) 

Deiuity 

(■) 

Com¬ 

pressibility 

«*• 

Entropy 

(*) 

Mobility 

(•) 

Calcd. 

(•) 

Li- 

6 

6 

8 

5 

5 

G 

Na 

— 

4 

4 

4 

4 

4*5 

K- 

0 

4 

3 

2 

4* 

2-0 

Rb' 

— 

■■ 

— 

2 

— 

2*3 

Cs- 

— 

■■ 

— 

— 

— 

0 

F' 

— 

4 

5 

5 

■■ 

4*7 

Cl' 

2-6 


8 

2 

HB 

20 

Br' 

— 

0 

— 

1*5 

mi 

2-4 

r 

— 

0 

2 

0*5 

D 

0 


^ N. Bjeruum, Z. mmg, Chtm., 1020, 108, 275. 

” J.D. Bkrnal and U. II. Fowler, J. Chem. Phyn,, 1988, 1, 515. 

■ A. Passynski, Atia Phyaieochim.^ 1938, 8, 385. 

> H.UIJCI 1 , Z. Elektrochem., 1030, 36, 407; Z. phyaih. Chem,, 1034, 168, 141. 

‘ H. IJucn, Trann. Faraday Soc,, 1027, 23, 802. 

* J. O’M. Bockbis, (tuarkrley /levidDS, 1049, III, 178. 

* Extrapolated from some results in alcoholic solutions. Stokes' law is not 
applicable for these ions in aqueous solutions. 

** Calculated for iudividual ions on the approximate assumption tliat K' and 
Cr are equally hydrated in oq. solutions of KCl. 

Sec also vol. I, Table 11a, p. 137. 
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TABLE UI, SS 

UEATB OF HYDBATION OF lOMB IM k.l!al./g.iOn 


Ion 


Webb 

Lahmeb 

/■I 

Vebwkt 

(‘) 




\) 


H- 

276 





Li- 

186 

181 


114-0 

112-5 

Na' 

114 

116 

99 

89-7 

BB-6 

K- 

94 

92 

81-9 

78-5 

72 

Hb' 

87 

87 

76-9 

67-5 

66-5 

Cb' 

60 

79 

71-5 


59 

Ti- 

140 


78-6 



Ag' 

174 

162 

95-5 


108 

NH.' 

87 

87 




Be' 

608 





Mg" 


495 




Cn" 

410 





Sr" 


370 




Ba" 

846 

850 




Zn" 

626 

528 

525 



Fe¬ 

561 

500 




ed" 

696 

402 

473 



Co" 

580 

500 




Ni" 

594 

516 




Cu" 

645 

586 




Mn" 

584 

479 




ng- 

672 

480 

486 



Al" 

1149 

1149 




F' 

97 

94 

87 

118-9 

114 

cr 

Q5 

07 


84-2 

86 

Br' 

57 

68 

66-2 

78 

80-5 

I' 

47 

49 

61-5 

70 

72-6 


* J. CKm. Pbyt., ig»S, 1. 515. 

■ J. Am. Chm. Soc., 1920, 41, 25HD. 

■ J. Ckem. Phyt., IDBR, 7,108. 

* Ste. TroD. CMm., 1941, 90, 887. 

Sec alao vol. T, Tabic 10, p. 124. 

* Calculated fnnn capcrinicntol valueii for KV according to procedure deaciibed 
on pp. 122—128. 
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TABLE 111, 26 

VALUES UF THE CONSTANTS APFKABINU IN THE LIMITINO SLOPE OF THE ONBAOER 
F^UATION: Av s= + BAao) |/^ conductance IN 1 :1 AQUEOUS 

ELECIEOLYTE SOLUTIONS 


Temp. "C. 

B 

A 

0 

0*2108 

28‘47 

5 

•2205 

84^87 

10 

•2220 

40-50 

15 

•2987 

40-85 

18 

•224D 

50*81 

20 

■2257 

6205 

25 

■2277 

58*80 

80 

•22DD 

07-15 

85 

■2822 

74*81 

40 

•2848 

82-70 

45 

■2874 

00-00 

50 

■2401 

08-28 

55 

■2481 

107-08 

60 

■2461 

IIQ-OS 


Acmiracy: In cbIcuIbUoii of H, viscoHitics are acrurate to dbO’1% from 0 to 
40 °C. For higher temperatures viscosities arc iiocurate to rtO-S -1%. 

The values of H are of the same aecurucy. See International Critical Tables V, 10. 
F^m H. S. Haknep and B. B. Owen, Phyncal Chemuitiy of EUctmlytic SoluHoru, 
lirinholil, New York, 1040, p. 128. 


TABLE 111, 27 

EQUIVALENT CONDUCTAN'CFi) OF SALTS AT 25 "C. FOR VARIOUS DILUTIONS 
(c in g.eqiiiv./l.) 


X. c 

0 

0-0005 

0-001 

0*005 

0-01 

0-02 

0*06 

0*1 

Ref. 

HCl 

42016 

422-74 

421*86 


412-00 

407*24 


801-82 

1,10 

LiCl 

115-08 

118-16 



107-82 


100-11 

06*80 

1,2,8 

NaG 

126-45 


123*74 


118*51 

115-76 

111-06 

100*74 

msSm 

KCl 

140-80 

147-81 

146*05 

148-55 

141*27 

138*84 

188*87 

128*00 

1,20 
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Accuracy: (1-02% 


EQlIlVAl.ltNT CONJJIJCTANCK.S OF BKOaiATlSH AND PKBCUU)llATES AT 25 °C. FUR 
VARIOUK DILUTIONS 

(c in g.iiiul/1. Ap = pquivtilcni coniluctam^) 
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TABLE in, 27 (OmHimd) 


KBrO, 

NaBrO, 

AgC10| 

e 

A, 

e 

Av 

c 

A, 

0-a088Bll> 


0-0058088 


0-001064 

104-82 

0>0010S18 


0-0010581 

108-28 

0-13080 

80-50 

0-0005443 


0-0005078 

104-12 

0-2S4SS 

87-75 

0 

ISI 

0 

105-86 

0 

126-67 

Accuracy: ±0*05% 

Accuracy: ±0-05%. 

Accuracy; ±0-1%. 

Keferenee 21. 

Reference 21 

■ 

Reference 24. 


For tlic teni])cTatuie de]iendence of vniiduciance of Home of the aoltH in the above 
tables see referenees 19 and 20. 


He/erences: 

^ T, Shedloysky, J. Am. Chm. 1932, 54, 1411. 

* D. A. MacInnes, T. SiiKDLovaKY and L. G. Lonqswortii, ibid., 1932, 54^ 275B. 

* K. A. KniEOEH and M. Kilpatiiick, ibid., 1987, 59, 187H. 

* T. SHKD 1 . 0 VRKY, A. S. BiiowN And D. A. MacIn.ves, Tram. Eheiroebem., Soc,, 
1934, 66, 165. 

* L. G. IjONOBworth, J. Am. Chem. Soc,, 1085, 57, 1185. 

■ G. Jones and C. F. Bickford, ibid,, lD3<t, 56, 602. 

' Unpublished measurements of T. Shedlovsky and L. G. Longhwortii quoted 
by MacInnes in Principles of Electrochemistry, Keinhuld Publishinf? Corp., 
N.Y., 1939, 889. 

■ P. A. Lasseixe and J. G. Aston, J. Am. Chem. Soc., 1983, 55, 8067. 

" T. SiiEULOVHKY and D. A. MacInnes, ibid., 1985, 57, 1705. 

1). A. MacInnes and T. Siiedlotsky, ibid., 1082, 54, 1429. 

D. Belcher, ibid., 1988, 60, 2744. 

** T. Shedlovsky and A, S. Brown, thi'd., 1084, 56, 1006. 

B. B. Owen and R. W. Gurry, ibtd., 1988, 60, 3074. These values have been 
eorrected for pn^seiice of M(()H)' and 11S0|' ions. 

L. G. LoNnswoHTii mid 1). A, MacInnes, ibid., 1938, 60, 8070. 

G. 5. Hartley and G. W. Donauison. Trans. Faraday Soc., 1987, 33, 457. 

G. Jones and F. C. Jklkn, J. Am. Chem. Soc., 1936, 50, 2561. 

E. SwiFr Jr., ibid,, 1988, 60, 728. 

V. Sivertz, 11. E. llEn’MEiKH and H. V. Tartar, ibid., 1940, 62, 1879. 

Values up to c equal to 12 and at 10° intervals between 5° and 05° are fpven by 
B. B. Owen and F. H. Sweeton, ibid,, 1941, 63, 2811. 

** Values from 15° to 45” arc given by 11. E. Gunning and A. R. Gordon, J. 

Chem. Phys., 1942, 10, 120. 
u J.H. JoNFii, J. Am. Chem. Soc., 1944, 66, 1115. 

" J. II. Jones, ibid., 1045, 67, 855. 

J. H. Jones, tfrid., 1940, 68, 240. 

J. H. Jones, ibid., 1947, 69, 2065. 

See also vol. I, Table 14, p. 146. 
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TABLE III, 28 

TBMPEBATUBB DEPENDENCE OF THE CONDUCTANCE OF KCl, KBf AND NbCI IN 

AQUEOUS SOLUTION 


UHJBil 

i^B 

10 

20 

60 

100 

Ref. 

18-C. 

122-8 

121-22 

120-57 

119-09 

128-02 

116-8 

M 

25’C. 

151-64 

149-aO 

141-78 

147-64 

145-49 

143-28 

B' ' 

as’C. 

182-24 

170-76 

17B-74 

177-84 

174-70 

171-04 

B'' 

48 °C. 

214-17 

211-07 

209-84 

208-18 

204-01 

201-58 

B! 








mm 


c in g.niol/1. 


TEMPERATUAE DEPENDENCE OF IONIC MOBILITIKS AT INFINITE DILUTION 

{tf. Table Ill, aO) 


loll 

15 “C. 

25 “C. 

85 °C. 


jfc/. 

cr (Kci) 

01-41 

76-85 

92-21 

108-92 

(2) 

cr (NaCl) 

61-48 

76-85 

02-22 

108-88 

II 

Br' (KBr) 

68-15 

78-14 

94-08 

110-68 

II 

K‘ (KCI) 

5B-C6 

78-50 

88-21 

103-49 

II 

Na' (NaCl) 

89-75 

50-10 

61-53 

73-77 

II 

ir (llCl) 

SOO-6 

849-82 

397-0 

441-4 

If 

IJ’ (laCl) 

(18-C.) 






88-03 

38-68 





And -^iLici) = 00-559 (1 + 0 00814 t + 0-0001137 0) where 1 is in "C. («) 


TEHFERATUHE DEPENDENCE OF CONDUCTANCE OF KCl, KBr AND NaCl 


1 M d(lll iflg ) 

Values 

al 


Ion 

15 "C. 

25 "C. 

35 “C. 

45‘C. 

cr 

0-02340 

0-02020 

0-01765 

0-01570 

Br' 

0-02285 

0-01930 

0-01730 

0-01585 

K- 

0-02285 

0-01050 

0-01705 

0-01500 

Na' 

0-02445 

0-02180 

0-01080 

0-01698 


0-01655 

0-01385 

0-01155 

0-00970 


^ H. E. Gunning and A. 11. Goudon, J. Chan. Phya., 1948, 11, 18. 

* G. C. Benson and A. R. Gordon, J. Chan. Phytt., 1045, 13, 47S. 
(See also J. Chan. Phys., 1942, 10, 120). 

* M. M. Jacopetti, Gozz. Chim. It(U., 1942, 72, 251. 

(See also F. Giordano and T. Mabesca, ibid., 1929, 69, B7B, 892). 
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TABLE III, 20 

ABSOLUTE ION VELOCITIES IN Cm.* Volt~^ . 10* AT IB "C. IN AQUEOUS SOLUTIONS 


Ion 

Compound 

studied 

Concenl 

l(r»|2.10r-’ 

bntion 

5.10-' 

in g.c 

icr. 

quivalc 

2.10-« 

nt/cc. 

S.lOr* 

10-* 

Ca" 

Ca(OH). 

— 

48-0 

40-5 

40-2 

40-5 

— 

— 

Ba" 

Ba(OH)| 

—■ 

— 

— 

47-8 

48-5 

— 

— 

Na' 

NaOAc* 

— 

47-a 

— 

— 

44-2 

— 

41-5 

K- 

KOAc 

— 

— 



— 

— 


Li* 

LiOAc 

— 

— 

— 

— 


— 

— 

nh; 

N114OAC 

— 

6 B -0 

— 

— 

— 

00-5 

07-5 

Ca* 

Cu(OAc), 

— 

53-0 

— 

52-5 



— 

Cu" 

Cu(OAc), 


— 


42-5 




Ni" 

Ni(OAc), 


— 

47-2 

— 

47-0 


— 

Mn" 

Mn(OAe)| 

—- 

— 

— 

40-5 

48-8 


— 

Pb* 

Pb(OAc)| 

— 

— 

50-5 

51-5 

4B-5 


— 

Zn" 

Zn(OAc)| 

— 

— 

40-5 

47-2 

45-5 

41-0 

— 

Al- 

A](OAc), 

— 

— 

— 

40-0 

42-5 


— 

NH*- 

(NHJAO. 

— 

— 

71-0 

71-0 

00-5 


— 

NH*- 

(NH,).CrO. 

— 

— 

03-0 

64-1 

04-0 


— 

NH«' 

(NHJ,CO. 

— 

— 

— 

— 

32-5 


— 

cr 

HCl 

6S0 

07-5 

miH' 


— 


— 

SO." 

HiSOi 

780 

71-5 



— 


— 

NO/ 

HNO, 

— 

— 

— 

— 

— 

58-5 

57-5 

PO/'' 

II3PO4 

470 

88-0 

2B-5 

20*5 

27-5 


— 

Picrate 

Picric acid 

— 

27-0 

— 


— 


. 

Oxalate 

Oxalic acid 

— 

aP’O 

38-5 




— 

Malcate 

Maleic acid 

— 

— 

— 

87-5 

m^m 


— 

Fumarate 

Fuinaric acid 

— 

— 


— 

20-5 


— 

Salicylate 

Salicylic acid 

— 

— 

24-0 

210 



— 

Tartrate 

Tartaric acid 

— 

__ 

mzfm 


■fgIM 

16-1 

— 

Formate 

Formic acid 

— 

— 

— 


14-5 

— 

— 

Chloraoetate 

Trichlor- 

ChloraceticQcid 

Trichloiaoetic 

— 

— 

80-5 

26*5 

25-0 

— 

— 

Boetate 

acid 

89-0^ 

80-5 

■ 

— 

— 

— 

— 


Reprodiidbility not better than :t2%. * OAe ^ aretate. 

J. Clehin, i4nn. Chtm., 1045, 20, 244. 
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TABLE III, 80 

UMITINO IONIC CONDUCTANCKa ({gQ ) IN WAXED AT 25 °C. 


Cation 


B9I 

Anion 

^OQ 

Rtf. 

ff 

849-8 

1,18,10 

OH' 

197*6 

8,22 

Li- 

88-00 

1,27 

cr 

70.84 

1,10,21 

Na* 

50-11 

1,18,21 

Br' 

79-8 

2,2 

K- 

78-52 

1.21 

r 

76-B 

10,2 

Nil; 

78-4 

2 

NO,' 

71-44 

1 

Ag- 

01-92 

1 

HCO,' 

44-5 

11 

Tl- 

74-7 

8 

HCO,' 

64-6 

18 

V.Mb" 

58-06 

4 

ai,co,' 

40-0 

1,13 

V.Cb" 

50-50 

4 

ClCHiCO,' 

8B-B 

12,18 

V,Sr" 

50-46 

4 

CH*CH|CO; 

85-8 

14 

V.Ba" 

08-64 

4 

CNCHjCo; 

41-8 

18 

V.cu- 

54 

5 

CH.(CH.),CO; 

82-6 

14,18 

V.Zn” 

58 

5 

c,H,co; 

32-8 

15,16 

VJA- 

60-5 

6,2 

Hc,o; 

40-2 

20 

V,Co(NH.).- 

102-3 

7 

V.W 

240 

20 




V.so;' 

80 

2.7 




VaFetCN),'" 

101 

7 




V|Fe(CN);"' 

111 

17 




HV 

54-88 

28 




BeO; 

54-68 

28 




cjo; 

67-82 ±0-06 

24(c/.26) 




BrOg' 

55-78 ±0-05 

25 


Ilttfermcai: 

All values have liecii corrccU^l to cfinform to the staiiiLird of G. Jones mill 

n. C. llllADSllAW 

M). A. McInnes, T. Shedluvsky anil L. Cl. Longswodtii, J. Am. Chem. Soc., 
1032, 54, 27.5H. 

* 1). A. McInneh, .7. Franklin Inal., 1938, 225, OUl. 

■ U. A. Hodinhon and C, W. Davies, J. Client. Soc.j 1987, 139, 574. 

* T. Shedlovskv uiid A. S. Hrown, •/. ^ifi. Chan. A’oc., 1084, 56, 1066. 

‘ 11. B. Owen and B. W. Gurhy, ibid., 1038, 69, 8074. 

* G. Junes and C. F. Bickford, ibid., 1034, 56, 002. 

» G.S. Hartley and G. W. Donaldson, Ttmih. Faraday Soc., 1087, 33, 457. 

“ V. SiVERiY, U. E. Heitmjdkh and H. V. Tartar, ■/. Am. Chan, Soc., 1040, 62, 
1870. 

* G. Jones and C. F. Bickford, i5td., 1034, 56, 002. 

P. A. Lasseixe and J. G. Aston, ibid., 1983, 55, 8007. 

T. Shedlovsky and D, A. MacInnes, ibid., 1035, 67, 1705. 
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TABLE III, 30 {ConHnmd) 


T. Shedlovbkt, a. S. Brown and D. A. McInnes, Trana. Eleetrochm, Soc., 
1085, S8, 165. 

B. Saxton and T, W. Lanobb, J, Am. Chan. Sttc., 1083, 56, 8038. 

1). Belcheb, ibid., 1088, 00, 2744. 

“ B. Saxton and H. F. Meieb, ibid., 1034, 50, 1018. Tliesc authon also leport 
80-8 and 81-0 for the ortho and meta chlorobcnzoate ions respectively. 

F. G. Brockman and M. Kilfatbick, ibid., 1084, 50, 1488. 

» G. Jones and F. C. Jelen, ibid., 1080, 50, 2581; C. W. Davies, ibid., 1037, 50, 
1700. 

B. Saxton and L. S. Darken, J. Am. Chem. Soc., 1040, 02, 846. 

” Values at 10° intervals are given by B. B. Owen and F. H. Sweetun, ibid., 
1041, 03, 2811. 

"> L. S. Darken, ibid., 1041, 03, 1007. 

n Values at 15, 25, 85 and 45” arc given by H. E. Gunning and A. R. Gordon, 
J. C8eifi. Phys., 1042, 10, 120. 

Sec also N. C. Li and W. Brull, J. Am. Chan. Soc., 1042, 04, 1085 and A. R. 
Gordon, ibid., 1042, 04^ 2517. 

L. 5 . Dahken and H.F. Meier, ibid., 1042, 64, 021. 

» J. H. Jones, ibid., 1040, 00, 240. 

M J. H. Jones, ibid., 1»15, 07, 855. 

» J. II. Jones, ibid., 1044, 66, 1115. 

■■ J.H. Jones, ibid., 1047, 08, 2005. 

” M. M. Jacofetti, Gozz. Chim. Hal., 1042, 72, 251. 

“ G. II. Jones and Bradshaw, J. Am. Chem. Svc., 1033, 55, 1780. 

See lilso Tables 111, 28 and 20; and the exemplifying suminary in Chaiiter VT, 
Table 10. 


TABLE Ill, 31 

DTElJSCrniC CONSTANTS (f) OK AQUEOUS EI.ICCTROLYTK BOLTTTIUNS AT 25 “C. FOR 
WAVE LENGTHS OK 3 AND 10 cm. 


£i = Etiitie dielectric constant of the solution. 


Salt 

Normality 

Earn. 

e IP Bn, 


LiCl 

05 

260 

10-7 

71-2 


10 

28*8 

8-0 

04-2 


1-5 

20-2 

5-0 

57-0 


2-0 

17-0 


51-0 
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TABLE in, 81 (ConKnuecO 


Salt 

Normality 

Siam . 

Biibb. 

B , 

Rba 

05 

25-0 

8-9 

ra-B 


1-0 

28-2 

0-4 

08-5 


1-5 

8 S -0 

— 

6 S -5 


2-0 

20-2 

— 

58-5 

KCl 

0-5 

25-0 

10-5 

78-5 


1-0 

28-6 

e-B 

68-5 


1-5 

21-8 

— 

68-5 


2-0 

18-4 

— 

68-6 

BaCl, 

1-0 

22-2 

8-8 

04-0 


2-0 

16-0 


51-0 

HCl 

0-25 

26-0 

7-8 

72-5 


0-6 

20-8 

— 

00-0 

NaOH 

0-25 

26-6 

11-7 

78-0 


05 

24-7 

4-0 

68-0 

KI 

0198 

27-2 

10-4 

75-0 


0-806 

25-1 

11-1 

72-0 

NuF 

0-415 

25-0 

7-4 

78-0 


0-880 

24-0 

8-4 

00-0 

LaCl, 

0-52 

25-2 

8-0 

71-0 


1-04 

22-0 

7-8 

04-0 

KF 

0-242 

27-0 

B-B 

75-0 


0-484 

25-7 

7-8 

72-0 

Nal 

0-428 

35-1 

B -8 

71-0 


0-856 

20-8 

— 

64-0 

BlgCl, 

0-468 

25-2 

18-0 

71-0 


0-085 

28-0 

B -1 

64-5 

Na,SO« 

0-5 

26-4 

__ 

78-0 


1-0 

25-1 

— 

07-0 


2-0 

20 -B 

— 

60-5 


Acscuracies: B,ni.)^l'0, BienB.sd:3, Sf, ±2. 
For frequency dependence of e Bee original paper. 


J. B. Hahtioi, D. M. Bitson and C. H. Collie, J. Chem. Phyti,, 104.8, 18, 1. 
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TABLE III, 82 

DIFFERENTIAL DIFFUSION COEFFICIENTS AT 25 °C. FOR AQUEOUS SOLUTIONS 


D in cin.*/sec.. 10”; c in mol/l. 

For c = 0 the values are the Nernst limiting values. 


ElectriK 
e Nlyte 

HCl 

HBr 

UCl 

D.IO* I 

UBr 

>m.*/Bec. 

NaCl 

NaBr 


KBr 

0 

8-84 


1-808 

1-879 

1-612 

1-027 

1-905 

2-078 

0-05 


8-150 

1-280 

1-300 

1-500 

1-533 

1-808 

1-862 

0-1 


3-140 

1-209 

1-289 

1-484 

1-517 

1-848 

1-874 

0-2 



1-207 

1-285 

1-478 

1-507 


1-870 

0-8 

8-00 

8-248 

1-209 

1-290 

1-477 

1-515 

1-B20 

1-872 

0-5 

8-18 

8-888 

1-2TB 

1-328 

1-474 

1-542 

1-885 

1-880 

0-7 

8-28 

8-552 

1-28(1 

1-800 

1-475 

1-509 

1-840 

1-017 

10 

8-43 

8-80D 

wm 

1-404 

1-483 

1-5U0 


1-075 

1-5 

8-74 

— 

1-881 

1-478 

1-485 

1-020 



2-0 

4-04 

— 

1-303 

1-542 

1-514 

1-008 


2-182 

2-5 

4-38 

— 

1-397 

1-597 

1-.52D 

1-702 


2-190 


4-00 

— 

1-430 

1-050 

1-544 

— 


2.2B(t 

8-5 

4-02 

— 

1-404 

1-003 

1-550 

— 


2-354 

4-0 

5-17 

— 

— 

-- 

1-584 

— 


2-484 

4-5 

— 

— 

— 

— 

1-007 

— 

H 

■ 


Accuracy: ±0*002 


BUCROSK IN AQUEOUS SOLUTION AT 25 °C. (rEFERKNCK SUBSTANCE) 


c 

D . 10”cm.”/Bec. 

0-146 

0-510 

0-708 

0-490 

0-408 

0-479 

0-902 

0-410 


Accurate to ±0-01 


R.H. Stokes, Theaia, Cambridge, 1040. 
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TABLE IIT, 88 

CIINDUCTANCI£ UF HOME PERCirLOHATES IN ORGANIC BOLVENTB AT 25 °C. 

Values of tlie constants Aao und B in the equation 

— idqo — 


For Mg(C10«)| at 25 “C. 


Solvent 

Aqq 

B 


11,0 

128-5 

244 


* MeNO, 

115-7 

878 


*McOH 

BS-2 

100 


*Me,CO 

1B5-5 

2850 


n-PrOH 

25-8 

412 


i-PiOH 

18-5 

180 


Perchlorates in acetone at 25 "C. 

Salt 

Aao 

B 


Mb(C10.). 

185-5 

235U 

Theoretical limiting slopes not 

Ca(C 104 ). 

108-0 

2817 

in agreement with observed 

Ba(HO.). 

201-3 

1603 

B values. 


1*. VAN JiYSHKLBEiiCiiir. Slid R. M. Fhihthum, J. Am. Chtm. Soc., 87, 6B0. 


TABLE 111, U 

CONULTCTANCr. UF TETHA-MRTIlYL-AMMONIUM KAI.TS IN ETHANOL AT 25 '*C. 


Constiints of the equation Ay = Aao — ^ )/^ 
Values valid up to — 0-04. 


Salt 

Ayo 

B 


(MC 4 N) Cl 

52-68 

307 


(Me,N) Bt 

55-10 

838 


(MetN) CNS 

68-45 

340 


(Me,N) NO, 

56-85 

325 


(Mc,N) Pioate 

55-68 

282 



T. 11. Mead, O. M. IIitoiies and 11. Hartley, J. Chem. Soc., 1038, 1207. See also 
P. AVaijjen, Z. physik. Chem., 1081, 153, 1 . 
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TABLE in, 85 

CONDUCTANCE OF HYDROGEN CHLOHUlli IN DKlXAN WATER MIXTURBH 
(c in mol/1.; jij, = equivutent nonductancr) 


15 ’C. 


55 °C. 

45 'C. 

/T 1 A, 

bshbh 

f \ yir 

^ 1 


20% Dioxaii 


001175 

240-28 

0-08001 

207-08 

0-02407 

840-05 

0-01001 

405-28 

0-01088 

248-04 

0-05108 

205-56 

0-03781 

347-48 

0-02918 

401-02 

0-04700 

245-45 

0-12868 

287-01 

0-05280 

844-80 

0-06020 

808-80 

0-10710 

289-03 

0-14618 

285-02 

0-10467 

887-08 

0-00U12 

887-08 

0-1.5451 

235-84 

0-15854 

288-08 

0-14141 

882-40 

0-13701 

881*50 

0-17800 

284-11 

0-17820 

282-19 

0-10717 

320-50 

0-15017 

878-13 

0 

250-7 

0 

802-7 

0 

854-2 

0 

400-0 


45% Dioxiiii 


0-01400 

144-00 

0K)185» 

178-05 

0-02845 

211-70 

0-01144 

249-02 

0-02740 

142-74 

0-08100 

174-92 

0-030ri4 

208-50 

0-02400 

247-41 

0-04172 

140-86 

0-04250 

178-17 

0-05505 

205-86 

0-05025 

280-25 

0-00701 

184-68 

0-09685 

105-26 

0-10784 

100-10 

0-in0:>0 

220-52 

0-14148 

180-04 

0-12540 

161-84 

0-14000 

190-01 

0*11804 

220-23 

0-10344 

120-30 

0-10280 

158-29 

0-17403 

187-84 

0-13752 

222-04 

0 

140-7 

0 

180-2 

0 

210-5 

0 

258-0 


70% Dioxun 


0-00819 

72-54 

0-01100 

80-14 

0-00835 

108-BB 

0-00080 

120-08 

0-02002 

07-20 

0-02888 

81-45 

0-02401 

90-07 

0-03040 

112-51 

0-05820 

50-71 

0-05070 

78*48 

0-05080 

87-10 

0-05707 

OB-10 

0-10288 

.51-01 

0-10421 


0-U7BB1 

78-85 

0-11000 

82-54 

0-14058 

48-17 

0-18990 

57-94 

0-10725 

72-45 

0-15090 

76-27 

0 

74-5 

0 

08-1 

0 

112-4 

0 

181-9 


82% Dioxun 


O-OOBID 

8B-58 

0-01212 

40-89 

0-00503 

58-01 

0-00751 

65-BS 

0*02077 

28-81 

0*02842 

28-04 

0-01322 

45-03 

0-02823 

80-55 

0-04769 

lB-80 

0-05000 

20-09 

0-03230 

20-53 

0-04402 

27-25 

0-09804 

18-B7 

0-10000 

14-03 

0-06010 

10-72 

0*09040 

18-80 

0-1260B 

12-49 

0*14723 

18-42 

0-11014 

10-14 

0-18223 

16-48 

0 

47-2 

0 

57-5 

0 

60-0 

0 

88-3 


B. B. Owen and G. W. Watebji, J. Am. Chem. Spc,, 1038, 60, 2871. 
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TABLE ni, 80 

CONDUCTANCE OF RULFEUBIC ACID IN METHANOL 
CongtantH nf the equation Av = A^—B |/c 
= m -2 — -MI-B j/r 

(^v)m'c, = 11I8-8 — BB2B)/r 
M»)i5“c. = 210-0 — 07T-2 |/r 

Equationg valid up to c ^ 2‘2'i. 10'* molar. 

Ay accurate to ±0-2% asauminij; no error in 

E. W. Kannino, J. B. Byrne and K. G. Rohalek, J. Am, Chtm, Sat,, 1944,66,1700. 


TABLE III, 87 

CONDUCTANCE OF HULPIIUHIC ACID IN ETIIEll AT 0 "C. AN]) 23 "C. 
Noi Nil = Specific coiiduct4mf!c at 0 or 2.3 


H,SO, 

vol. % 

wt.% 

Rt 0 “C. 

. 10* mho.cm. 

at 25 T. 

. 10^ mho.cm. 

27-44 

22-22 

1-8 

2-7 

52-39 

45-37 

23 

38 

12-99 

56-24 

87 

147 

77-17 

71-85 

205 

898 

87-78 

84-43 

458 

705 

92-85 

00-70 

400 

831 

96-58 

05-t0 

307 

— 

100 

BKl 

.30 

117 


S. Ycaiiobny, j. Grn. Chrm. Hws., 1034, H, 213. 


TABLE 111, 3K 

conductance of salts in ai.YlT.l1l)]. AT 23 °V. 

Ay = molecular conduiiance at a dilution of V litre/mol. 


Salt 

D 

WM 

Salt 

V 

Av' 

Salt 

V 

Ay' 


1-9.31 

1-297 


8-022 

2-208 


2-472 

1-474 

CaCI. 

4-045 

1-993 

BaCl, 

7-490 

2-054 

SrCl, 

4-002 

2-138 

8-058 

2-51 

1.3-45 

8-028 

7-980 

2-528 


16-08 

2-805 


84-35 

8-158 


15-91 

2-852 


J. SzpER and Z. Gajewski, ./.CAtm. 1035,32,705, and Rocz, C/iem., 1084,84,570. 
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TABLE III, 89 

CONDUCTANCE OF SALTS IN BENZENE AND DIOXAN 
r in mol/l., Ap = equivalent conductance 


AgCl 04 at 25 "C. in Benzene 


e.lO* 

Ap . 10* 

c.lO* 


0-23 

2-20 

0-473 

0-72 

0-10 

1-12 

8-40 

2-41 

id^ = 160 

I2>e 

063 

0-05 

11-70 “0 

83-0 

0-60 

14-10 

26-3 


Telra-m-amylammoniwn iodide at in Bcrnzene 


c.lO* 

1 /‘.•lo* 1 

c.lO* 

yly-lO* 

8-01 


0-8H 

6-22 

14-20 


0-38 

16-8 = ISS 

43-8 

400 

23-2 

28-3 


Teira-butylammanium areiaie at 25 "C. in Benzene 


c.W 

Ap. 10‘ 

c. Ill* 

Ap. 10* 

0-1186 

2-18 

8-186 

0-622 

1-182 

0-804 

5-505 

0-704 A^ ^ 100 

2-005 

0-500 



Tetra-butylarnmnnium percMorutr. at 25' 

T. in Benzene 

C.lO* 

Ap.W 

C.lO* 

A p.W 

0-00700 

2-34 

54-0 

5-65 

0-1216 

1-23 

120-4 

18-30 A^ = 100 

1-125 

2-lD 



12-30 

8-14 



Tetra-btilylammonium acetale -at 25’’C. in Dioxan 

c.l0“ 

1 ^..10* 

c. 10* 

Ap. 10* 

1-120 


17-67 

0-404 

8-OB 


32-1 

0-434 A^ = 51 


■■■ 

45-3 

0-515 

Tetru-&f4ty(amtnmitum perchlorate at 25 "C. in Dioxan 

C.lO* 

yl..lO* 

C.lO* 

Ap.W 

0-0204 

1-24 

5-58 

1-64 

0-1251 

0-087 

10-20 

2-03 A^ - 51 

1-001 

0-830 

104-5 

7-82 


R. M. Fuoss, C. A. Kbaus and W. F. Luder, J. Am. Oum. Soe.^ 1080, 511, 255. 
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TABLE in, 40 

CONDUCTANCE OF ELECTROLYTES IN ANHYDROUS LIQUID AMMONIA AT — 40 ”C. 

V = dilution in litre/g. equiv. 

Ap equivalent eoiiductiiiicc at dulition V, 
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TABLE III, 40 (Cmlimied) 



CH.COOH 



CH.COONB 


y 

A, 

V 

Ay 

V 

Ay 

V 

Ay 

4-12 

11-25 


10-58 


28-9 



9-S2 


mm 

22-3 

225-8 

40-1 



21-59 

B39 

154-5 

80-0 



547-7 


48-91 

10-85 

854-1 

48-4 

1178 

mm 

1259 


111-5 

27-17 

808-1 

60-7 

2782 

105-4 

2844 

107-8 

257-9 

38-18 

1842 

84-2 

0121 

186-0 

0514 

140-4 

57B-B 

58-54 

4185 

113-1 


109-5 

14920 

178-4 

1840 

74-44 

0596 

148-7 

30040 

200-0 

83870 


3061 

lOl-G 

21840 

188-0 

71480 

220-4 

70840 

229-7 

6908 

182-8 

49890 

216-5 







112600 

246-1 






CH,CCX)K 



HCOOH 


V 

Ap 

V 

Ay 

V 

Ay 

V 

Ay 

■n 

28-82 

88-59 

28-87 

4-62 

28-83 

11-52 

30-12 


40-5 

201-2 

30-08 

10-87 

20-67 


37-51 


56-86 

400-7 

50-11 

51-75 

45-71 

187-7 

63-85 

1072 

79 

1045 

78-01 

110-8 

60-48 


85-10 

2482 

lOB-2 

2406 

107-2 

610-4 

108-1 

1598 

144 

5524 

148-6 

5518 

180-0 

1423 

1-11-0 

8099 

180-7 

12520 

182-3 

12470 

180-0 

3158 

174-9 

8431 

218-0 




2] 8-5 

7124 

208-1 

19000 

237-9 

64450 

256-3 


253-1 

16330 

236-1 

4.3480 

255-2 






252-8 







84730 

260-6 




HCOONa 



C,H,COOH 



Ay 

V 

Ay 

1 

Ay 

1 

Ay 

70-01 

54-2 

00-46 

59-1 

91-57 

80-84 

81-66 

29-02 

160-5 

72-4 


80-05 

200-5 

42-27 

184-5 

40-68 

666-0 

06-5 

475-1 


466-0 

57-94 


55-95 

BBB-8 

125-0 

mSM 

139-8 

1008 

79-15 

900-0 

76-85 

IBBD 

100-8 


175-0 

2458 

105-15 

2206 

102 

4289 

108-9 

5621 


5084 

135-1 

6018 

180-7 

0648 

224 

18200 

234-5 

12860 

100-5 

11490 

100-1 

21560 

245 


257-7 

mm 

IDl-7 

20830 

180-7 

48800 

262 



06680 

209-2 

00440 

206 
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TABLE III, 40 (ConftniMd) 



C|H|COONa 



H|S 


V 

A, 

V 

A, 

V 

Ay 

V 

Ay 

BB4 



47-54 

17-8 

07-97 

88-85 

82-54 

B98-6 


ki 9 

04-48 

88-85 

82-88 

87-81 

108-06 

2071 


1091 

86-71 

89-58 

108-0 

197-8 

120-6 

4718 


2407 

114-0 

104-0 

129-2 

452-0 

160-7 

10500 

■rIfB 

5654 

142-7 

441-7 

158-9 


194-4 


192-0 

18060 

171-4 

085-3 

190-2 


225-5 

64190 

208-0 

S0B20 

1B4-6 

2204 



250-1 



66080 

208-2 

4981 

248-8 


206-0 





11250 

268-2 


278-1 





24800 

208-7 

50600 

273-2 





50700 

271-1 




HCN 



Sr(NO,). 


V 

Av 

y 

Ay 

V 

Ay 

y 

Ay 

5-82 

73-25 

0-05 

78-82 

4-05 

88-58 

7-92 

96-75 

12-78 

81-42 

10-22 

80-62 

9-29 

101-8 

17-87 

118-6 

28-65 

94-88 

22-88 

92-67 


124-0 

40-89 

145-45 

63-40 

110-7 

51-08 

110-0 

47-83 

152-9 

93-93 

177-4 

141-8 

138-0 

115-2 

134-4 

109-7 

184-9 

215-1 

211-7 

319-0 

107-0 

201-3 

163-7 

249-3 

219-8 

403-4 

258-1 

721-fl 

190-2 

585-8 

103 

50D-3 

255-7 

1192 

299-9 


228-1 

1309 

222-3 

1319 

308-3 


856-3 

3719 

251-8 


244-8 

3064 

308 

5946 

428-8 

841G 

200-9 

6587 

201-7 



13580 

487-8 

IHBOO 

274-2 

15040 

275-6 

15794 

498-4 



426U0 

270 2 

33400 

277-0 






Ba(NO,). 



i:a(NO,), 


V 

Ay 

V 

,,.Av_ 


Ay 

V 

Ay 

159-3 

113-1 

77-03 

mi2 

128-1 

106-8 

21-05 

70-03 

359-9 

130-1 

178-5 

114-5 

278-7 

181-1 

48-47 

88-56 

810-6 

108-8 

382-5 

139-9 

028-4 

161-5 

108-0 

101-0 

1819 

IDD-D 

807-8 

109-9 

1438 

194-4 

247-2 

120-8 

4096 

284-4 

1944) 

201-6 

3234 


505-1 

155-6 

9292 

273-8 

4883 

285-9 

7212 

mm 

1296 

188-5 

21100 

324-6 

6758 

275 


317-9 

2950 

224-1 

47870 

384-3 


883-6 


379-2 

0713 

205-1 

110300 

452-0 

49150 

384-3 


447-2 

15010 

316-5 







85220 

876-4 







72870 

443-8 


V. A. l*i.fiBKuv, Acta Pkynicoehim. V.K.SJI., lOSfi. 5, 50n. For older work gee 
bIho C. a. Khaus and W. U. Bhay, J, Am, Sue, Chan,, 1013, 36, 1335. Fbankun 
and C. A. Kbaits, J, Am, Chan, Sue,, 1000, 33, 287; ibid,, 1005, 37,101; Z. phyrik, 
Chem,, 1000, SB, 272. 



































712 


PHYSICO-CHEMICAL QUANTITIES 


XIV 


TABLE III, 41 


CONDUCTANCE OF SALTS IN LIQUID SULPHUR DIOXIDE 
Equivalent cnnduetance at dilution V litrc/ff.eqiiiv. 


Compound 

r=:64 

V = 12B 

F=:250 

rc. 

Nal 

35-7 

_ 

_ 

0 

NH4I 

44-3 

— 

— 

0 

KI 

4S-8 

57-7 

— 

0 

Rbl 

58-0 

08-0 

— 

0 

KBr 

— 

48-B 

— 

—10 

KSbCl, 

— 

05-2 

— 

—12 

NH,SCN 

10 

— 

— 

0 

(CH,),SI 

80-0 

100-0 

— 

0 

(CII,),NC1 

— 

103-5 

— 

0 

(CH,).NBr 

— 

105-0 

— 

0 

(CH,)4NI 

— 

111-5 

— 


[(CH,)4N].S0. 

— 

70-5 

— 


[(CH,).N]ao. 

— 

B5 

— 


[(CH,.CA),qcio. 

— 

— 

113 


[(CH,.C.H.).C]C1 

— 

— 

12B 

■■ 


G. Jander and H. Mesecd, Z. physik. Chem,, 1D39, IBS A, 25.5. 


TABLE HI. 42 


CONDUCTANCE OF SAI.TS IN UYIJIIOGEN CYANIDE 

The following equations express the dejiciidcncc of Ay U|Nin for values of 
|/c up to 0-04 (where c is in mol/l.) to an MiTirney of d:.0'0S%. 



Ccinstants in the 


(Constants in the 

Salts 

equation 

A^=A„-By7 

Salts 

§ 

1 1 

II 


^00 

B 



B 

LiCl 

345 

835 

NaClO. 

323-5 

285 

UBr 

340-0 

270 

NaCNS 

883-7 

230 

Lll 


25B 

Sodium Picrate 


105 

UNO. 

386-0 

402 

KCl 

801-4 

280 

UCIO 4 

880-0 

280 

KBr 

868-2 

24B 

UCNS 



Kl 

863-0 

285 

NaBr 

848-B 

248 

KNO. 

858-0 

253 

Nal 

844-0 

23B 

IlbCl 

808-2 

105 

NuNO. 

m-B 

250 

CsCl 

808-2 

200 




NEt«Cl 

2B2-a 

105 


J. E. Coates and E. G. Taylor, ■/. CItem. Soc., 1030, 1245. 

See also J. E. Coatfji and E. 6 . Taylor, Nalun, 1D84, 134, 241. 
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TABLE III, 43 

CONDUCl'ANCE OF ALKYL AMMONIUM C1IL01ITDE8 IN LIQUID HYDHOQEN SULPHIDE 

AT —78-5 "C. 

Concentration in nio1/l. Ap = equivalent Fonductance. 


Ethylanunonium chloride 

Diethylnmmonium chloride 

cone. 

id,. 10* 

cone. 

/ly-lO* 

0 001078 

1-60 

U-0002038 

19-8 

0-(N)4D08 

1-12 

0-0008154 

18-1 

0>00806a 

0-740 

0-0005182 

8-89 



0-001465 

6-04 



0-002028 

G-04 



0-01127 

3-01 



0-01096 

8-86 

Tiiethylaminonium cliloride 

Tetrapropylainmoniuni chloride 

onne. 

ilv.io* 

cone. 

id. 

0-0001556 

12-6 


7-20 

0 001115 

8-05 

0-001556 

4-01 

0-004868 

5-87 

O-OIOBG 

8-28 

0-009710 

0-55 

0-02573 

4-69 

0<)222 

0-40 

0-07463 

B-Ot 

0-1211 

26-8 



Tetracthylammanium cliloride 

Tetrainetliylammonium chloride 

cone. 

Ap 

rone. 

Av 

0-0004178 

4-72 

0-000887 

2-22 

0-001487 

2-50 

0-00247B 

2-14 


2-66 

0-02550 

1-47 

0-02375 

2-00 

0-05786 

2-SB 

0-05006 

4-81 

0-07984 

3-14 


E, E. Lineken and J. A. Wimonson, J. Am. Chem. Soe., 1940, 62, 251. 
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TABLE III, 44 

TEUFERATUBE DEPENDENCE OF CONDUCTTANCK OF BALTS IN METHANOL AND ACETONE 

e in g.equiv./l- 
Methanol 

Equivalent conductance 


Salt Cone. i °C. 


B 

110-0 


185-0 

218-0 

UCl e = 0-814 

22-00 

40-0 

58-2 

1 

70-8 

81-8 

78-7 

e = 0-2181 

40-5 

68-0 

04-5 

100-3 

110-1 

88-1 

c = 0-0SS044 

68-5 

108-0 

152-4 

170-1 

177-0 

107-2 

c = O-OOIQHO 

88-4 

142-1 

210 

265 

817 

225 

liBr c = 0-882 

25-10 

45-1 

66-5 

81-2 

100-4 

lOB-B 

c = 0-2244 

43-6 

74-0 

102-4 

118-1 

128-7 

08-6 

c = 0-01858 

60-0 

117-8 

168-0 

201-4 

216-6 

146-2 

c = 0-001010 

85-4 

147-1 

220 

278 

840 

275 

lil e = 0-786 

28-20 

50-0 

73-0 

02-1 

113-0 

127-3 

e = 0-1822 

44-5 

74-2 

106-0 

125-1 

140-8 

132-0 

c =: 0-01007 

59-0 

08-0 

130-8 

171-3 

197-0 

150-7 

c = 0-002557 

71-4 

128-2 

170 

230 

207 

204 

Nal e = 0-775 

89-5 

68-6 

90-7 

110-3 

140-5 

140-7 

e = 0-1024 

50-0 

05-0 

138-0 

155-1 

164-0 

181-0 

c = 0-01824 

80-4 

135-7 

101-6 

228-5 

2401 

150-7 

c = 0-001800 

07-6 

167-8 

250 

311 

m) 

316 

K1 c = 0-404 

51-0 

85-2 

115-1 

134-5 

151-4 

140-6 

c = 0-2077 

62-2 

100-1 

184-5 

151-4 

157-0 

127-6 

c = 0-01000 

87-1 

142-8 

108-0 

230-8 

242-2 

160-3 

c = 0-001070 

105-2 

178-1 

200 

320 

305 

314 

Cal, e = 0-000 

24-87 

42-B 

58-7 

65-6 

68-5 

62-8 

c = 0-1054 

41-4 

63-4 

77-6 

77-1 

62-2 

87-1 

c = 0-01110 

61-7 

04-0 

116-0 

119-8 

100-6 

66-5 

C = 0-001181 

82-4 

185 

178 

102 

185 

187 

i-(C|Hii)«Nl c = 0-1882 

87-50 

67-8 

08-0 

121-5 

144-3 

146-4 

c = 0-02096 

67-8 

118-4 

168-0 

105-0 

227-8 

104-5 

c = 0-001860 

04-2 

158-0 

283 

202 

875 

290 


P. C. Blokker, Rec, Trav. Chim., 1985, 54, 975. 
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TABLE in, 44 iConlinwi^ 


Acetone 

Equiviilcnt conductance 


Salt Cone. i ”C, 


a 



las-o 

218-0 

ua c = 0-0600 

4-90 

5-14 

8-94 

2-34 



c = 0-00999 

12-00 

12-36 

11-2 

0-8 

6-2 

2-7 

LiBr c = 0-B02 

0-17 

862 

10-17 

10-45 

10-46 

10-09 

e = 0-1752 

12-86 

18-28 

15-10 

18-07 

1035 

7-28 

c = 0-01T17 

SO-7 

35-7 

33-0 

27-87 

17-98 

80-0 

c = 0-002007 

70-4 

84-3 

7B-B 

67-0 

48-2 

21-0 

Lil e = 0-802 

17-M 

20-20 

33-6 

87-7 

40'8 

42-B 

t = 0-2004 

31-1 

42-6 

49-0 

4B-4 

42-2 

83-1 

C == 0-01978 

64-3 

85-1 

08-2 

90-0 

68-4 

45-0 

C == 0-001972 

100-2 

140-4 

1U7-4 

172-8 

125-8 

74-0 

Nal e = 0-448 

42-1 

44-4 

41-4 

as-B 

_ 

_ 

c = 01594 

59-1 

01-3 

54-3 

44-2 

— 

— 

c = 0-01439 

104-7 

120-2 

127-0 

100-2 

01-2 

32-7 

c = 0-(Kl20ie 

144-0 

184-3 

100-0 

IBO-B 

127-8 

08-5 

KI c = 0-01478 

105-2 

120 -B 

iin -1 

990 

_ 

— 

c = 0-000339 

170-9 

237 

279 

299 

240 

150 

Cull c ^ 0-983 

77-.'; 

100-0 

125-0 

129-3 

— 

— 

c ■= 0-2.544 

121-9 

145-0 

1480 

135-5 

117-8 

9:S-8 

c = 0-02520 

271-6 

310 

308 

263'7 

193-8 

146-1 

c = 0-002494 

527 

056 

G08 

603 

500 

376 

i-(CiH„) 4 Nl c = 0-1702 

30-8 

40-3 

47-3 

51-3 


— 

c = 0-01913 

04-1 

Bl-6 

91-8 

93-0 

— 

— 

r = 0-001907 

98-1 

131-3 

155-2 

1081 




P. C. Blokkkii, Rec. Trav. Chim,, 1935, 31, 975. 
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TABLE 111, 45 

IONIC MOBILITIES (foe ) AT INFINITE DILUTION FOU METHANOL AND ETHANOL 


Methanol 

Ethanol 

lou 


WBESm 

(95 °C.) 

(4-C.) 

H- 

141B 

118-2 

57-40 

87-24 

Li' 

— 

— 

15-00 

0-02 

K' 

53(1 

89-85 

— 

— 

Hg." 

40>7 

36-0 

20-85 

13-53 

Me4N' 


— 

28-a • 

mOM 

EtiN' 

ei-s 

40-05 

27-85 

HB9 

cr 

51-27 

87-12 

24-30 


Br' 

56-4 

41-B5 

— 

mmm 

1' 

— 

— 

28-80 

19-80 

CIO/ 

701 

52-05 

88-55 

22-40 

NO/ 

00-5 

45-2 

— 

— 

OMc' 

53 02 

30-70 

— 

— 

OEt' 

— 


25-35 


MeCO,' 

44'7 

8205 

— 

— 

EtCO/ 

— 


21-15 

14-27 

Picratc 

40-5 

34-1 

20-30 

17-55 


/qq values accurate to 0-5 -1 % 

A. 6. Ous'i-oN, Trans. Faraday Soc., 1030, 32, 1070. 

* T. H. Mead, 0. M. IIuuiies and 11. IIar'jxey, J. Chm. Soc.^ 1033, 1207. 


TABLE Ilf, 46 

IONIC aiOBlUTIES Icgj AT INIlNlTIfi DILUTION IN CTHANOI. WATF.U MIXTURES AT 25 ”C.* 


Mol % Eton 

Picrate 

IJ- 

Mnl % Eton 

cr 

5 

21-7 

20-7 

2-17 

60-2 

10 

16-5 

ID-D 

10-68 

84-2 

15 

14-1 

16-7 

17-10 

28-2 

20 

13-4 

15-2 

46-87 

23-2 

80 

18-6 

14-0 

98-55 

22-4 

40 

14-4 

18-8 



60 

17-6 

14-7 



80 

21-8 

15-6 
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TABLE III, 46 {Continued) 


Mol % Eton 

Sr" 

Br' 

Mol % Eton 

IT 

2-02 

68-0 


40 

75 Bt 

8-00 

85-1 

— 

78-B 

20-2 

SOU 

24-1 

27-B 

B7-3 

28-6^ 

36-07 

20-5 

ss-uo 

92-2 

28-1 

61-00 

IB-B 

— 

00-0 

22-B 





81-4 




90-8 

48-4 

lao values accurate to 0'.5 -1%. 


100 

01-8 


* A.W'kller, DinHertatimi, Tubingen, 195U. 
t J. J. llKiLBiANH, Jlec. Trao. Chim., 1037, »G, 65H. 


Selected further Refereticai on Conductance of Snltft in Non-Aqtieoua 
and Aqueous nan-Aqueous solutions, 

Aroiiiatio »o1venlfl; 


A. U. Maiitin, j. CAm. Soc,, 1036, 530. 
1). M. Mi;iiray-Ru8t, II. J. IIadow and 
H. HAniTiRY,./. Chnn, St)e„ 1031,215. 
r. Walden and K. J. Birr, Z. physik, 
Chem,, 1033, A. 16:1, 203. 
M.M.Daviks, i'ram, FnradaySoc,fWA5, 
31, 1501. 

U. L. Ml'Ini'Omii, D. j. Mead and H. M. 
Fiinas, J. Am, C/im. Soc,t 1040, 62, 
TiUO. 


W, F. LruER and C. A. Kiiaiis, J. Am. 

Chm. Sor,, 1047, 6.0, 2481. 

K. G. TayiiDii and C. A. Kraus, J. Am. 

Chm. Soc., nm, 60, 1731. 

C. 11. Wi’i'Sf.jioNKE and (*. A. Kkaifs, 
J. Am. Chem. AV., 1047, 69, 2472. 
I). S. lluiiRKsa and C, A. Kraus, J. Am. 

Chrm. Soc., 1048, 70, 7U6. 

]i. K. Stiidnu and C. A. Kraus, J. Am. 
Chetn. Soc., 1050, 72, 106. 


A]i|diiiiic 

E. D. Copley, H. Hartley ct oi., J. 

Chcm. Soc., 10;i(), 2488, 2402. 

H. Hartley et al., Proc. Roy. AV., 1031, 
A. 132, 427. 

C. P. Whiout, I). M. Mijhuay-Rtisi' and 
11. Hartley, .7. Chrm. Soc., 1031,100. 

M. Barak and H. If autt.ry, Z. physik. 
Chem., 10.S3, A. 163, 272. 

N. L.IW, C. A. Kraus and ll.M.Fuo.ss, 
Tram. Ftmtdrty Stic., 10.3.5, 31, 740. 

P. VAN Ryssklbehgiie and U. M. 
Fiustbom, j. Am. Chm. Soc., lO-lS, 

Jnurganic 

K. Fbendrnharen and G. Cauenbacje, 
Z. physik. Chem., 1030, A. 146, 245. 
A. M. MoNOSsoifN and W. A. Flehkov, 
Z. physik. Cticm., 1031, A. 1B6, 176. 
C. A. Kiiaits and W. \V. Ha\it.h, J. Am. 

Chem. Soc., 1033, Tifi, 4422, 2770. 

P. Walden and H. Hilgert, Z. physik. 


Mil vents: 

67, 680. 

K \\. Kanning, V). G. Babolek and 
J. B. Bvune, j. Am. Chem. Soc., 
104.3, 65, 1111. 

E. R. Kltnp. and A. Kraus, J. Am. 
Chm. Soc., 1047, 60, 814. 

I. . !•'. Gleysteen and A. Kraus, 
./. Am. Chm. Sue., 1047, 60, 431. 

L. M. Tucker and C. A. Kraus, J. Am, 
Chm. Soc., 10^*7, 60, 454. 

W. E. Thompson and C. A. Kraus, 
./. Am. Chm Soc., IM7, 69, 1016. 

solvents: 

Chem., 1033, A. 165, 241. 

J. G. Dauni', M. Desirant, K. Men¬ 
delsohn and A. J. Birch, Physical 
Rev., 1040, (ii), 79, 210. 

I. S. Bigicii, j. Chm. Russ., 1046, 
16, 1783. 
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TABLE III, 47 

CATION TRANSFEIIENCE NUMBER IN AQUEOUS SOLUTIONS AT 25 "C. 

The values of (n^) calculated by equation (1) l)eloiv', nequirc that the concentration 
be expressed in iiiol/l. If tlie data are plotted aj^inst the square root of the equivalent 
concentration, the limiting sloiies become —0-1B50R, +0-0447, +0-1048 and 
—0-3170 for CbC 1|, NogSOi, K,SO| and LaCl, respectively, 
may be expressed as f{c] by the equation: 

+ |/^ ( 1 ) 

for high dilutions, or in general by the equation: 

where Ap is a calciilateil value. 


Electrolyte 

Ref. 

Aao 

AW) 

nee 

eqn. ( 1 ) 

^+00 

Concu. (g. cquiv./litie) 

0-01 

0-02 

0-05 

0-10 

0-20 

IlCl 

(‘) 

420-17 


0-8200 


0-8260 


0-8314 

mil 

Na Acetate 

(■) 

90-00 

4' 

•oa:i36 


-5537 

-5.5.50 

■5578 

-5504 

•S610 

K Acetate 

(•) 

114-40 

+ 


-6427 


-6523 

-0560 


— 

KNO, 

(•) 

144-98 

+ 

-00207 


-.5084 

•5UR7 

-5003 

WWi 


NH 4 CI 

(•) 

140-04 

— 


-4000 

-4007 

•4906 

Kli^ 

-4(8)7 

-4011 

KCl 

(*) 

148-80 

— 

•(HKi7« 

-4006 

•4902 

-4001 


-4808 

-4804 

KI 

(•) 

15020 

— 

-004.3(1 

-4802 

-4884 

-4883 

•4882 

-4883 

-4887 

KBr 

(•) 

151-03 

— 

-00500 

-4840 

•4833 

•4832 

•4831 

-4833 

-4841 

AgNO, 

(■) 


— 

cinWy 

-4043 

-4048 

-4652 



— 

NaCl 

P) 


— 


-3003 

•3918 

-3002 

•3870 

-88.54 

-8821 

I^Cl 

(*) 

115-03 




•3289 

-8201 

•3211 

-3108 

-8112 

CaCl, 

(•) 

135-84 

— 


•4380 


-4220 

-4140 

•4000 

•3953 

Na,SO« 

(•) 

120-0 

+ 

tm 

-880 

-3848 

-3836 

•3829 

-3828 

•8828 

K 1 SO 4 

(‘) 

153-3 

4- 

-1482 

-470 

-4820 

-4848 

-4870 

-4800 

•4010 

I^Cla 

(•) 

145-0 

— 

-5401 

•477 

-4625 

-4576 

-4482 

■4875 

-4283 

K 4 Fe(CN )4 

(’) 

— 



— 

-515 

-555 


•047 

— 

K^e(CN)« 

(’) 

— 


— 

— 

— 

— 

-475 

-401 

— 


Accuracy: ±0-02% 


Heferenca: 

^ L. G. Lonoswohtu, J. Am, Chem, Soe., llKi2, B4, 2741. 

* L. G. LoNiMwoiiTii, tbi’d., 103.5, 57, 118.5. 

* 11. A. MacInnes mid I. A. Cowfertuwaite quoted by D. A. MacInneh and 
L. G, Lonoswortii, Chem. Rev., 1932, 11, 171. 

* G. S. Hartley and G. W. Dunaldhon, Trans. Faraday Snc., 1037, 33, 457. 

* L. G. Lonosworth and II. A. ]!^1acInnk8, J, Am, Chem. Sac., 1088, 60, 3070. 
■ D. J. Le Roy and A. 11 . Gordon, J. Chem. Phys., 1088, 6, 308. 

* G. raiDEAiDc, J. Chem. Soc., 1044, 006. 

See also vol. I, Table 2, p. 88. 
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TABLE III, 48 


CATION TBANBVERENCE NTlfBEllfi FOR HIQHER CONCENTRAllONB OF ELECTROLYTES 
IN AQUEOUS SOLUTIONS AT 25 

(g in g-mol/l.) 


1. Znl, (>) 

2 . ZnCaO,), (■) 

8 . ZnCl, (>) 

c 

"+ 

G 

"+ 

c 



0-882 

0-1 

0-40D 

0-8271 

0-888 

0-1 

0-863 

0-2 


0-1644 

0-842 

08 

0-832 

0-8 



0-865 

0-0 

0-817 

0-4 

0-877 


0-870 

1-0 

0-201 

0-5 


0-0007 

0-800 

2-5 

0-115 

0-7 

0-840 



6-0 

0066 

1-0 

0-665 

4. ZnBr. (■) 

4-0 

—0-060 • 

1-5 

0-817 





5-0 

-0 -100 • 

2-0 

0-606 

G 

"■K 

8 -U 

—0-444 * 

6-0 

0-281 



10-0 

-0-550 • 

4-0 

0-271 

0-3201 

0-841 





0-1011 

0-808 

Accuracy: ±0-002 
* Complex formation 

Accuracy: ±0-002 

0-0400 

0-0201 

0-0110 

0-384 

0-808 

0-402 



5. NaCi and KCl (•) 



c 

n+ (NbCI) 

(KO) 


n+ (NaCl) 

(KQ) 

0 

0-4467 


0007 

0-4413 

0-5075 


0-4428 

0-5000 


0*4412 

0-5077 

0001 

0-4425 

0-5070 


0-4412 

0-5085 


0-4421 

0-5071 

0-03 

0-4408 

0-5002 

0-003 

0-4418 

0-5072 

0-05 

0-4:108 

0-5105 

0-005 

0-4415 


0-08 

0-4388 

0-5114 



Accuracy 

±00005 




References: 

^ R. H. Stokes and B. J. Levien, J. Am. Chem. #Soc., 1W4C, 68, 1852. 

• R. H. Storks and B. J. Lkvien, J. Am. Chem. Soc., 1046, 61, 668. 

" I). M. Egan and J. H. Partington, J. Chem. 5or., 1045, 101. 

• L. W. Shemilt, j. a. Davies and A. R. Gordon, ./. Chem. Phys., 1048,16, 842. 
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TABLE III, 48 {Ctmtinued) 


a. CaCl, (•) 

r.Mgci,c) 

e 


”+ (HBO.) 

”+ IMNJ.) 

C 


0 

0-4884 

0*4880 

0*4427 

0 

0*895 

0'005 

0*4261 

0*4807 

0*4854 

0-0082 

0*806 

0-01 

0-4281 

0*4277 

0*4424 

0*0088 

0-404 

0*02 

0-4188 

0*4284 

0*4281 

0-0078 

0*801 

0*08 

0*4150 

0*4204 

0-4249 


0*880 

0-05 

0*4105 

0*4151 

0*4108 


0*880 

007 

0*4007 

0*4118 

0-4160 

0-086 

0-876 

0*10 

0*4024 

0*4070 

0*4117 

0-052 

0-875 

015 

0*8064 

0*4010 

0*4057 




Accuracy: ±0*0002 





Refnmxg: 

* A. G. Kkenan, II. 6. McLkod and A. R. Gordon, J. Chm, Phys.^ 11)45,13,460. 

* C.Druckkr, Rtc^Tm.Chim,, 1032, 51, 574. 


TABLE 111, 40 

CATION TRANSFERENCE NUMBERS OF EUCCTRDLYTES IN NON-AQUF.OUS SOLUTIONS 


NuOAc and Nll|OAc in Anhydrous Acetic Acid at 25 T .' 


NH<OAc 

NbUAc 

Molality 

’•+ 

Molality 

% 

0-1028 

0-520 

0*3480 

0-48 

0-3003 

0-500 

0-5578 

0-45 

0-5214 

0-480 

0-7008 

0-48 

0*9750 

0*478 

0*8860 

0-80 

1-4455 

0*460 



2*4298 

0-440 




Accuiacy: ±0*02 

Values are obtained by the Hittorf method and agree with those obtained by 
the moving boundary method. 
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TABLE 111, 4B (Crmfintiftf) 


MgC]| in Methanol and Ethanol at 25 ”C. ■ 



Wt% MgCl, 

“+ 

wt.% MeOi. OHiO 

"+ 

MeOH 

1-93 

0-405 

6-2 

0-8B7 


10-6 

0*889 

8-0 

0-885 

EtOH 

U-57 

0*871 

2-1 

0-480 




0-08 

0-409 


Values obtained by Hirronp mctliiNl. 



Nal, Lillr, LiCl 

ill Acetiinc. * 



wt.% 


Temperature "C. 

Nal 

2-812 

0-360 

18-8 

laBr 

2-180 

0-107 

19-5 

LiCl 

1-0737 

—0-210 

14-5 


0-7518 

-0-100 

14-5 


N.B. No conceiiLration dependenec of is given in this work. 


AgNOa, Kl, Nal in Ktliaiiul at 25T.> 


AgNO, 

Kl w_|_^ — 0*5h Accuracy: i;0-01 • 

NttI w^^=0-0U5 

licfimicat: 

^ \V. C. liANNiNU anil A. W. Daviiisiin, ./. Am. Chem. Soc., 1D3H, l»1, 147. 

* F. Olmeu, liulL Hoc. Chim., 1D.'1K, (v) 5, 1085. 

* W. BinKEN-STOCK, Z. phyitik. Chem., JU28, 128, 4.72. 

* .1, W. WooLC'OCK, H.HAnTi.Er iind O.L.HuGI^J^H, Phil. Mfig., loai, (vii) 11,222. 


TABLE 111, 5H 

TnANSKEIlKNCE NITMDEn n^.oQ OF Li pilTalc AT INFINITE DILUTION IN KTIIANOL-WATER 
MIXTURES AT 25 “I-.* 


Mol% Eton 

^+00 

Mol% EtOH 


0 

0,555 


80 

0,507 


5 



40 

0,489 


10 


±0,6-1% 

GO 

0,455 

±0,5 -1% 

15 

0,542 


80 

0,422 


20 

0,580 


100 

0,890 



A. Wklleh, DiHserlalifm, Tubingen, 1850. 
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TABLE HI. 51 

1VAN8FKBENCX NUMBERS OF THE IITDROOEN ION IN NON-AQUEOUS SOLVENTS AT 25 ”C. 

HCl ill aqueoUB-non-aqueous solvent mixtures. (O-Ol/O'lJV HCl ixmoentratiini-cell- 

determination 


Eton - HflO mixtures Me.CO.Me-HiOmixt. Glycerol-HgO mixtures 
Trt.% EtOH I n^_ wt.% Me,Co| fi^ wL% Glycerol | n^. 



52-85 

0-818 

40-07 

08-67 

0-741 

00-54 

100 


100 


Mannitol - H^O. Chloral hydrate - H,0 Glucose - H^O 

wt.% wt.% wt.% 

Mannitol CC1|. CHO. 2H|0 Sugar n_|. 




HiSOi in anhydrous methanol at 25 T. * 


Molality 

"+ 

Molality 

"+ 

0-54484 

0-742 

0-07151 

0-727 

0-27714 

0-734 

0-02522 

0-725 

0-14118 

0-720 

0-01875 

0-726 


Accuracy probably: i:0*001 

Values obtained by e.in.f. method (c/. 1). 


He/erefices: 

' T. Erdey-Gruz, Z. phyiiik. Chem., 1U27, 131, HT. 

* E. W. Kanning and J. K. Waltz, J. Am. Chem, Soc., 1U41, 83, 2076. 
See also data in Table III, 52 for HCl in diDxan-U|0 mixtures. 
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TABLE III, 52 


CATION TBANSFERUNCK NUMBERS OF HYDHOOBN CHLOILIDK IN WATER AND 
DIOXAN-WATER MIXTURES 

A' = wt.% Dioxan. 
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TABLE m, 52 (Cfmiinued\ 


X=70 


m 

n 

5" 

10" 

15" 

20" 

25® 

80" 

86° 

40" 

45" 

60" 

0*0 

— 

0-772 

0-768 

0-70i 

0-780 

0-765 

0-750 

0°740 

0°742 

0-788 

0-784 

-005 

— 

•7S1 

■778 

•774 

•770 

-760 

■761 

■757 

■758 

■760 

-747 

•01 

— 

-788 

-780 

•777 

•773 

•700 

-764 

■760 

■756 

-758 

■761 

-02 

— 

■786 

-788 

■770 

■770 

•772 

•707 

■763 

■760 

■757 

-765 

-05 

— 

■788 

■785 

■782 

•778 

•774 

-770 

■700 

•763 

-700 

-758 

•1 

— 

•780 

■786 

■783 

•780 

■776 

•771 

■768 

-705 

•762 

■760 

•2 

— 

•789 

-780 

■784 

-780 

■770 

■771 

•708 

■765 

•702 

■750 

-5 

— 

■780 

•780 

•783 

-779 

■774 

•770 

■766 

•704 

■760 

■757 

1-0 

— 

-788 

-785 

■782 

■777 

•772 

■708 

•764 

■702 

■758 

-754 

1-5 

— 

-788 

•784 

■781 

■776 

■771 

■766 

■703 

■700 

■757 

■752 







82 






0-0 

_ 

0-677 

0-675 

0-673 

0-672 

O-OTO 

0-608 

0°607 

0-605 

0°668 


-05 

— 

■742 

•735 

■780 

■720 

■722 

•717 

■712 

■708 

■702 


•1 

— 

•707 

•764 

■702 

■750 

■756 

•754 

•752 

■750 

■747 


•2 

— 

■755 

■751 

■747 

•744 

•740 

•738 

■735 

■732 

•720 


•a 

— 

•718 

•715 

■711 

•708 

■705 

■702 

•609 

■606 

•608 


•5 

— 

-060 

■057 

■054 

-651 

•64H 

•G45 

•6-12 

•630 

■637 



Accuracy: UncertainticM in tlie third decimal place lor H^O, 20%, -15% and 70% 
dioxan in H,0, arc respectively .i:3, =1:7, and :JrB> 

II. S. IIaiinkd and 1*^. C. Diikbv, J. Am. Chvm. Stfc., lOU!), Ill, ill US. 


TAllJ.E III, 5a 

JSQUIVALUXT (,'UN1I171TANC.'I-: I>F L'UU.01I>.\L i:t.ki.'tiu»lytp.k at 25 
c ill jv.equiv./l. 


Methyl Orange 

Meta-BcnKfipurpurine 

Congo Ucd 

|/c.lO* 

Av 

j/c.lO* 

Ay 

j/c . 10» 

Ay 

D-24 

003 

8-00 

77-8 

0-22 

82-4 

0-52 

60-8 

5-45 

85-4 

2-05 

09-7 

4-08 

70-3 

401 

BBO 

1-00 


412 

68-4 

0-30 

84-2 

1-40 

108-7 

3-36 

70-8 

2-71 

01-7 

0-028 

104-5 

1-80 

71-5 

1-52 

II1-2 

0-658 

1030 


71-7 

0-70 

BB-1 

0-405 

103-4 



037 

84-1 


08-2 





0-287 

96-3 
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TABLE ni, 58 (Continued) 


Benzopurpurinc 4B 

MC. 

1* 

MC 

,8* 

680 

80-1 

6-84 

67-6 

8-00 

70-5 

5-21 

80-3 

i-oa 

70-8 

1-85 

100-6 

366 

04-0 

1-45 

70-8 

1-04 

110-7 

2-88 

B8-2 

0-84 

70-5 

0-77 

122-0 

1-64 

00-8 

0-56 

71-0 

0-57 

180-0 

1-6D3 

00-6 

o-ar 

72-6 

0-40 

184-8 

0-414 

00-8 

0-20 

78-0 

0-26 

141-0 

0-205 

08.5 






Acniracy of A values: 

From C. Bodinhon aiid II. E. (.arret, Trntiit. Faraday Soc., 1U8!), 35, 775. 
* See C. UoBiNSON ami 11. K. (;AfinuiT, loc. rit. 


JCUl-lVALJiN'l' CON LlVr.TANCK OV l‘OI.U>mAT. ri.F.CTItOLYTES AT 25 ”(\ 


Nu dodecyl sulpliute (1) 

Cetyl Pyridiiiium sulphate (1) 

Cone, iiiol/l. 

Ap 

Cone, niol/1. 

yiv 

0-002 

80 

0-0(H)5 

98 

0-005 

77 

0-0008 

98 

0-(K)8 

76 

0-001 

98 

0-010 

68 

0-002 

70 

0-015 

40 

0-003 

72 

0-020 

4<1 



Cetyl pyridinlum llroinide (2) 

Na Oleute (2) 

0-00040 

118 

0-(M)5 

50 

0000B7 

107-1 

0-0076 

4t 

0-00121 

86-9 

0-01 

30 

U-0U247 

60-8 

0-02 

84 

0-(M)400 

46-5 

0-08 

80 

0-0188 

85-8 



O-IODD 

20-1 




Acriirary: ;ih0'3% 

(1) II. G. Schmid and E. ('. Laiison, Z. Elektruclieni., 1H3S, 41, 651. 
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TABLE III, 58 (CMxnued) 



Aocurucy: A values ±0-5% 

(2) G. S. Hartley, B. Ciillie and C. S. Samis, Tfam, Furaduy Suc.^ 1930, 3S, 709. 


TABLE III, 54 

IONIC PRODUCT OF WATER (P) 


—*»gl. p 

Temp. °C. 

—log,, P 

Temp. °C. 

14-9485 

0 

18-6801 

85 

14-7338 

5 

18-5848 

40 

14-5846 

10 

18-8900 

45 

14-8408 

15 

18-2017 

50 

14-1060 

20 

18-1809 

55 

18-9965 

25 

18-0171 

60 

18-8880 

80 




Accunte to ±0-0007 

H. S. Harnkd and R. A. Robinson, Trans Faraday Soc,, 1940, 36, 977. 
For earlier work sec also: 

^ A. Uetdw£111<er, Ann, Phyaik,, 190D, 26, 508. 

* F. Kohlbaubch and A. Heydweiller, ^fin. Physik, 1804, 58, 200. 

* C. W. Kanolt, J. Am, Ckem. Soc., 1907, 80, 1402. 

* A. A. Noyes et ol., J. Am. Chan, Soc., 1910, 32, 159. 

■ H. Lunden, j. Chim. Phiys., 1007, 5, 574, 

For other solvents, see under dissoeiation constants of weak dectiolytes. 
Sec also vol. 1, Table 27, p. 228. 






































8 


ELECTB0LYTE8 


727 


TABLE III, 85 

CONDUCTANCB OF FUHBD SAIA8 

Msa + b.ltr* (( —li) 


SubBtanoe 

a 

(mho.cmr^) 

b 

li“C. 

LiF 

20-8 

100 

005 

LiCl 

7-5B 

1-0 

780 

NaF 

8-15 

8-8 

1000 

Naa 

806 

2-2 

850 

KF 

414 

4-5 

800 

KQ 

2-10 

2-1 


KBr 

1-66 

2-0 

700 

KI 

1-85 

2-8 

710 

RbCl 

1-40 

2-1 

788 

Csa 

1-14 

2-0 


CuQ 

8-27 

2-45 

480 

Cul 

1-82 

1-78 

605 

AgCl 

4-44 

1-84 


AgBr 

3-aB 

1-70 

600 

Agl 

217 

0 -Gl 

600 

BeCl. 

U(H)32 

26 

451 

MgC], 

1-05 

1-7 

720 

KCl.MgCl, 

0-08 

2-1 


CaCl. 

1-00 

3-5 

7D5 

SnCl, 

1-08 

2-0 

BOO 

BaCI, 

1-71 

3-0 


ZnCli 

0-051 

1-5 

460 

CdCl. 

1-03 

2-0 

576 

CdBr. 

1-06 

2-0 

571 

Cell, 

0-10 

2-1 

880 

Hg.Cl, 

100 

1 -B 

520 

11^ 

0-00052 

0-0005 

204 

AlCl, 

0-56. ir* 

— 

— 

A1CI,.N11, 

0-0148 

0-26 

136 

Sc Cl, 

0-56 

2-8 

050 

YCl, 

0-40 

2-0 

714 

LaCl, 

1-14 

8-8 

868 

I»rCl, 

0-00 

8-7 

824 

NdCl, 

0-00 

2-8 

775 

InCl, 

0-42 

9-0 

504 

InCl, 

0-47 

2-0 

856 

InCl 

0-07 

0-4 

242 
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TABLE Ill, 55 (Cofihnuetf) 


Substance 

a 

(mho.cin.~') 

b 

(mho.cni.“^"C.”^) 


TlCl 

— 


450 

ThCl, 



814 

SnCl, 



208 

Pba. 



508 

BiCl, 

0-44 

1-4 

260 

MoCls 

I'S. i(r» 

— 

— 

Na^MoOf 

1'41 

1-76 

B48 

wa. 

1-9. 10- 

— 

280 

WCJ. 

0-07 

2-8 

250 

Na,W 04 

1-001 

1-82 

752 

UCI4 

0-84 

2-B 

570 

TeCl4 

012 

M 

286 


Accuracy': Nri Rtatenient is maile. Aciniracy (r/. Tabli; 111, 5B) is probably of orilRr 
±5% for low nieltinjv L'oinpounds and is less sutisfartory for those of liij^lior 
meltiiijr points. 

P. Drossbacu, EUctrochemistry of Moltm Snlti, Berlin, 1038. 

See also vol. I, Table 13, p. 145. 


TABLE 111, 50 

KNKRaY OF ACnVATIIlN FOR CONDUCTANCE OF FUSED SAI.TH 

X = A 

Av-'= 


X K 

ri = eemst. . Av=~~ , Q = density. 

E = Equivalent weight. 


Salt 

Ay 

E 

ink.cal. 

E' 

in k.eal. 

B 

in k.eal. 

A 

mho.cm.”^ 

LiCl 

IBS 

M5 

1-72 

8-8 

11-5 

NaCl 

150 

1-54 


D-4 

7-8 

KCl 

120 

2-80 

8-28 

7-8 

0-5 

UbCl 

04 

2-83 

8-60 

— 

6-5 

CsCl 

B6 

8-83 

a-75 

—- 

6-0 
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TABLF. Ill, 50 (Corainwd) 


Salt 

Av 

E 

in k.cal. 




LiBr 

IT? 

1-75 

_ 

6-0 

18-3 

NaBr 

14B 

1-84 

2-51 

10-0 

7'4 

KBr 

lOB 

a-55 

8-42 

7-9 

5-8 

Nal 

150 

1-25 

200 

7-4 

40 

KI 

104 

2-75 

8-70 

0-2 

5-5 

A«C1 

IIB 

0-99 

1-20 

5-8 

7-4 

AgBr 

9B 

o-70-i-ao 

0-99 

4-5-n5-4 

— 

Agl 

105 

O-RO 

0-90 

5-8 

40 

CuCl 

94 

0-85 

1-00 

5-5 

6-2 

MgCl. 

B5 

8-50 

3-07 

— 

0-4 

CaCI. 

04 

4-10 

4-72 

D-5 

18-5 

SrCl, 

09 

4-00 

4-65 

— 

11-U 

BaCl. 

77 

4.15 

4-85 

— 

10-5 

CdCl. 

5B-5 

2-80 

2-13 

4-5 

7-8 

CdBr. 

41-2 

2-75 


— 

5-4 

PbCl, 

580 

2-8^-5 

4-20 

0-0 

— 

PbBr, 

27 

4-85 

4-82 

9-2 

160 


Acriirucy iif/ly is d:0'2%. Tcni|)crature pocffiriuiit dHia from wliich Eand E' are 
durivnl is uLfurutc to ±0'2%. Accuracy of E uiiii E' is of the order of ±0*4-%, 
H. DiiUOM and E. Hkymann, Proc. Eoff,Soc., 11^7, IBB A, 0U2. 


TABLE III, 57 

TI1ERAIU11YNAM1C DKSSOCIAI'IUN CONSTANl'S OF AL'IUS IN AUUKOUS .SOLUTION AT 25 "C. 


Arid 


Bef. 

Acid 


Uef. 

Acetic 

1-753 

(*) 

ji-Fluoroheiizoii; 

7-22 

(’) 

Mnn Qclilonioetic 

180-0 

(-) 

Plienylocctic 

4-88 

(-) 

Propionic 

1-848 

(’) 

o-ChlomphcnylaGctic 

8-00 

(•) 

fi-Butyric 

1-500 

(•) 

fn-Chloniplicnylacctic 

7-24 

(•) 

Benzoic 

0-!KI 

(*■•) 

p-C!hloroplumylacctic 

0-45 

(•) 

o-Clilorobenzoic 

110-7 

(•) 

o-Bmmuphenylncetic 

8-84 

(■) 

fii-Chlorolienzoic 

15-00 

(•) 

p-Broinoplieiiylarctic 

0-49 

(•) 

p-Chlorolicnzoic 

10-4 

(') 

p-Mcthoxyphcnylacetic 

4-80 

(•) 

o-Broniol>enzoii! 

140 

(’) 

p-lodophcnylacctic 

0-04 

(•) 

p-Bromobenzoic 

10-7 

(’) 

Acrylic 

5-50 

(•) 
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TABLE III, 57 (Continued) 


Arid 



Arid 

K^.W 


I^iactic 

18-87 

(“) 

Diethylmalonio 



Carbonic 

00481 

(“) 

Kthyl-n-propylmalonic 

78-4 


Makniio 

189-7 

(“) 

Dt-n-propylnialonic 

n-o 


Suorinio 

6-03 

(“) 

Phenylnialonic 

277 


Glutaric 

4-54 

(") 

Cyc]opropBne-l,l-dl- 



Adipic 

8-72 

(“) 

carboxylic 

150 

(“) 

Pfmclio 

S>10 

(“) 

Cyclobutane-1,1 -di- 



Suberic 

2-00 

(“) 

carboxylic 

7-55 

(“) 

BlethylmalonlQ 

8-47 

(“) 

Cyolopentanc-1,1-di- 



Ethylmalonic 

10-9 

(") 

carboxylic 

5-06 

(“) 

n-Propylmalonic 

10-8 

(“) 

Cyclohexane-1,1-di- 



Dimethylmalonic 

7-06 

(”) 

carboxylic 

8-54 

(“) 

Methylethylmalonic 

16-4 

(”) 





Refermcea: 

^ D. A. MacInnes and T. Suedlovbky, J. Am. Chem. Soc., 1DB2, 54, 1429. 

* B. Saxton and T. W. Langeb, tbtd., 1D83, 56, 3688; T. Sueduivsky, A. S. 
BaowN, and D. A. MacInnes, Trans. Ekcirochem. Soe., 1934, 66, 165. 

■ D. Belcher, J. Am. Chan. Soc., 1988, 60, 2744. 

* F. 6. Bbocikman and M. Kilpatrick, Hrid., 1934, 56, 1483. 

■ B. Saxton and H.F. Meier, ibid., 1934, 56, 1918; sec abu J.F.C. Dippy, 

F. R. Williams and K. H. Lewis, J. Chan. Soc., 1985, 343. 

■ J.F.C. Dippy and F. 11. Wiluams, ihid., 1984, 1888. 

* J.F.C. Dippy, F.R. Wiluams and R.H. Lewis, i&id., 1085, 848. 

■ J.F.C. Dippy and F. R. Williams, ibid., 1984, 161. 

” W. 1. German, G. H. Jeffery and A. I. Vouel, ibid., 1937, 1604. 

» A. W. Martin and H. V. Tartar, J. Am. Chan. Sue., 1087, 59, 26r2. 

^ T. Shedlovsky and D. A. MacInnes, ibid., 1035, 57, 1705. 

G. H. Jeffery and A. I. Vogel, J. Chan. Sue., 1985, 1756. 

^ G. H. Jeftery and A. I. Vogel, ibid., 1986, 1756. 

S. Babterfieui and J. W. Tomecko, Con. J, Research, 1933, 8, 447. 

” W. L. German, G. H. Jeffery and A. I. Vogel, J. Chan. Sue., 1935, 1624. 

See also vnl. 1, Tables 20, p. 214; 32, p. 888 and 88, p. 846. 
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TABLE III, 58 

CONDUCTANCE OP BILICATE KBLIE 

k=-A e-va 


Melt 

A 

in mho.cni.~^ 

E 

inkscal. 

Blelt 

%MO or H,0, 



CoO-SiOb 

20 

148 

26 


80 

168 

20 


85 

104 

24 


40 

321 

26 


45 

1550 

81 


60 

247 

28 


55 

1 

115 

1 

16 

MnO-SiO. 

40 

207 

22 


50 

180 

18-6 


55 

71 



60 

176 



02.5 

81 

18 


05 

870 

21 


07<5 

480 

17*5 


70 

100 

11-5 


80 

100 

8 

AI|OrSiO| 

8 

1 

0-5 

27 


55 

12 

26 


8 

0-4 

19 


10 

0-5 

22 


12 

0-1 

14 


AccuiEcy: ±5%, but somewhat less near the in.p. where small changes in temper¬ 
ature cause relatively large changes in k. 

From J.O’M.Bockhis, J. A.KTreHENEB, S.Iunatowicz and J. W.Touunbom, 
Faradag Sac. Ducuuion, 1M8, 4, 205. 
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TABLE III, 5U 

THERMODYNAMIC DISSOCIATION CONSTANTS OP BASISS IN AQUEOUS AND ALCOHOLIC 

SOLUTION 


Substance 

m 

m 

BS 

SiilMtoncc 

pK 

f“C. 

Ref. 

Methylamine 

10-04 

25 

(■) j 

o-Anisidiiic 

4-49 

25 

(-) 

Ethylaniine 

1007 

25 

(•)! 

m-Aiiisidiiie 

4-20 

25 

(■) 

Propylamine 

10-58 

25 

(•) ! 

p-Aiiiaidine 

5-20 

2.5 

(•) 

fi^Biitylainine 

10-01 

25 

(•) 1 

AT-Ethylaiiiline 

5-11 • 

25 

(•) 

iso-Propylaniine 

10-68 

25 

(■)! 

A-Methylaniline 

4-85* 

25 

(•) 

iso-Biityluinine 

10-42 

25 

(*) i 

Pyrrolidine 

2-00 

25 

(•) 

iso-Amylaniine 

10-rMi 

25 

D 

AT-Methylpyrrolidinc 

8-88 

25 

(•) 

Diiiiethylaniinc 

10-70 

25 

(‘) 

Quinoline 

5-06 

25 

(’) 

Trimethylamine 

in-Bi 

25 

(*) i 

Quinine pfCj 

5-70 

20 

(•) 

Dicthylamine 

11-00 

25 

(*) I 

pK, 

0-87 

20 

(•) 

Triethylamine 

10-72 

25 

0) 1 

Atebrin pKj 

8-88 

20 

(•) 

a tu-Diaminopenianc 

10-78 

25 

(*) i 

pK, 

6-47 

20 

(■) 

Ethanolainine 

0-44 

25 

(•) 

Acridine 

4-I1 

20 

(-) 

Dietlianolaiiiine 

8-88 

25 

(•)! 

Crystal violet 

0-36 

1 

25 

(“) 

Tricthaiioiainiiie 

7-77 

25 

(•)! 

Pyrrole 

0-4 j 

20 

(’■) 

Cydohnxylaniine ; 

10-04 

25 

(•) : 

Diphcnylainiiic 

0-B5 1 

20 

(“) 

Pi()eridine 1 

11-12 


(•) ;i 

PyriiUnc 

5-19 1 

25 

(•) 

l:2l)imcthylpipcndiiie. 10*26 

' 25 ' 

(•)'' 

1 2-Anunn-pyTidine 

7-14 1 

25 

(•) 

l-Ethylpipcridine 

10-41 

25 

; 

1 Aniline 

4-58 

25 

(•) 

1-Fropylpjperidiiie 

10-23 

25 

(•) 1 

o-Toluidine 

4-30 

25 

(-) 

1 -2V-Butylpipcridinc 

10-48 

1 25 

(*) ^ 

m-Toluidiiie 

4-60 

25 

; 

1 :2 Dimethyl-tetra- 


! 

i 

i ■ 

p-Toliiidinc 

5-07 

25 

I (') 

hydro-pyridine 

11-42 

1 25 

: (•) ■ 

A'-l) iincthyluniiine 

5-14 

25 

; (•) 

N-Methyl-fR-toluiclinc 

4-04 

; 25 

! (•) 

A'-McLhyl-o-toliiidine 

4-50 

25 

1 

N-Methyl-p-toliiidiue 

.5-33 

25 

i (•) 




1 

A'^Ilimcthyl-o-tnliiidiiie 5-BO 

25 

i (•) 




i 

p-Chlnrnniiinc 

4-07 

25 

: (‘) 





a-Naphthylainine 

8-92 

25 

i 

* In aiiK>hnlic solution 


^-Naphthylatnine 

4-11 

25 

! (•) 






^ C.W.lloKRR, M.K.McCoitKLEandA.W. Uaij^iun,!/. Am, CVir/n.»SW., 1U43,65,526, 

* N. F. Hall and M. R. Sprinkijs, ibid., 1052, 54, ;i4lj0. 

* R. Adams and J. E. Mahan, ibid,, 1042, 64, 25HH. 

* U. Uealk and A. Liiikumann, J. CJicin. Soc., in l^ss 1051. 

‘ A. V. Few and J. W. Smith, J. Chctn, Soc., 1940, 2663. 

” L. C. Craig and R. M. lIixuN, J. Am. Chem. Soc., 1031, 53, 4870. 

^ F. Ahnall, J.Chm.Soc., 1920, 985. 

* R. CnnisiDPHER, Ann. Trap. Med., 1037, 31, 4:i. 

” A. Aijirht and R. J. Guluacre, ■/. Chem. Soc., 1040, 700. 

H. J. CkiLDACRE and J. N. Phillips, J. Chm. Sffc., 1040, 1724. 

N. F. Hall, J. Am. Chm. Soc., 1030, 5S, 5123. 

For dissociation constants of acids see Table 20, a^uI. I, p. 214 and Table III, 57. 
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TABLE III, 00 

TRUE DEGREES OF DISSOCIATION OF ACIDS 
(ilAMAN BpcGtra) 


Nitric Acid at 25 "C. 


cWt 

4*51 

6-00 



11-80 

14-28 

a 

0'828 

0-078 


O-SD 

0-32 

0-14 

olN) 

0-1 

1 

2 

a 

4 


a 

0007 

0-078 

005 

0-00 

0-85 



T. F. Young auil L. A. Bi.atz, Chcm. 1040, 41, 07. Accuraiy: ±2-5 

t Concciitnitinii expn‘ss(‘d os normnlity. 


Values Ilf a fur Nitric Acid at lli^he^ tciiipcruturcs 


c(N) 

10-5 

1 

12-58 

14-50 

20" C. 

0-352 

0-212 

0-114 

fl0“ 

0-300 

0-135 

0-0D5 

90" 

0-226 

1 

1 

0-105 

0-022 

0. Reuijcii and .1. BicaKLUiSEN, J. Arn, C/itm. Sor., 1043, 

0.5, 1883. 


Fcrclilorii 

[: Acid at 20 “C. 


wt.% 

c 

1 ac 

a 

(H) 

IM 

8-9 

0-08 

70 

10-0 

lU-1 

0-03 


12-0 

10-3 

0-BG 

84-8 

14-7 

R-] 

0-45 


10-0 

.5-0 

0-35 


O. Kedlich el «/„ J. Am. Chem, Sue., lfM4, 00,13. 


ludic Aril! 


c(N) 

a 

0-4 

0-56 

0-8 

1 0-40 

N. n. lUo, Ina. J. VhyH., 1942, 18, 71. 
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TABLE III, 00 (Cf/nHnued) 


Trichloracetic Acid 


c(JV) = 1-5 


a = 0-60 


N. R. Hao, Ind.J. P/ij/s., 1048, 17, 882. 


TBU£ DEGAEEB OF DIHSDCIATION (o) OF SALTS 

(Cniidiietance method) 



c = 0-01 

0*02 

0-05 

0-1 

0-5m 

NaNO, 

(*) 


■i 

0-001 

0-085 


KNO, 

(■) 

0-904 


0-975 

0-061 


AgNO, 

(*) 

0 098 


0-078 

0-057 


TINO, 

(*) 

0-084 

■■ 


mmm 


NaClOs 

(•) 



0-002 

0-086 


NalO, 

p) 


0-906 

0-088 

0-084 


KIO, 

p) 

0-BB7 

O-BBl 

0-084 

0-B7e 


KClOi 

p) 

O-BM 

0-BBB 

0-977 

0-068 


KBrO, 

p) 


0-998 

0-084 

0-077 


TICI 

p) 

0-BT2 





RbCl 

p) 




0-000 


CbCl 

p) 




0-081 



AccuTHcy not apecified. Ah method involves one of successive a|)proximation an 
evaluation of tlic accuracy is difficult. 


TRUE i)i:r.KKEM OF iiissociATiON (q) OP SALTS (Cmiiriued) 
(Conductance method) 


CdCl, (18 "C.) (*) 


e (mol/1.) 
a 

HIM 




|H 

Ca(IO.), (ZS -C.) (•) 

c. 1(P (mol/1.) 
a 

2-000 

I 

11-608 

1 

88-77 

0-061 


81-85 

0-061 

LB[Fe(CN).] (25 -C.) (•) 

e (mol/l.) 

a 

0-0016 

0-68 



0-0256 

0-52 


Ca nuuidclate (25 °C.) (^) 

c. lO* (mol/l.) 
a 

7-224 

0-070 

24-51 

0-051 

4B-B0 

0-B12 

81-11 

0-872 

121-08 

0-884 
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TABLE ni, 60 (Cofiiiniied) 

TRUE DEOREEB UP DIBBOClATION (a) OF SALTS 


Ba Buednate (25 T.) (■) 

e . 10* mol/l. 
a 

1-704 

0-868 




■1 

Ba tartrate (26 ”C.) (*) 

c . 10* mol/l. 

a 

1-451 

0-808 



n 

■ 

Ba o-phthulatc (25 ‘‘C.) (■) 

c . 10* mol/l. 
a 

1-608 

0-007 

S-002 

o-Boa 

4-081 

0-858 




Ca o-phtlialate (25' 

-c.) (■) 



c . 10* mol/l. 

a 

1'740 

0-871 

4-773 

0-876 

5-511 

0-818 



Ca tartrate (25 ®C.) (■) 

c . 10* mol/l, 
a 

1-758 

0-805 

2-872 

0-725 





» C. W. Davies, 7 'ratui. Fmidmj Sue., 1027, 23, 885. 

■ C. W.Davieb, J.Chem.Soc», 1888, 20D3. 

■ W, C. A. Wise and C, W. Davies, J. Cttm. Soc., 1036, 278. 

* C.W, Davies, J. Chem.Soc., 193R, 271. 

* C.W, Davies and J.C. James, Proc. Hoy. Sue., 1046, A.108, 110. 
< C. W. Davies, J. Chm. Soc., 1040, R7. 


TABLE Ill, 61 

BOLUBIUl'lES AMD SOLUniLITY PRODUCTS OF SPARTNOLY SOLUBLE BAT.TS IN WATER 


Substance 

Solubility (s) in g.inoi/l. 
or 

Solubility product (sp) in 
terms of g.ioDs/1. 

Tcmp.°C. 

Hef 

Al(OH), 

0-90 .10-* 

8 

20 

(*) 

BaCOi 

2-80 .10-- 

B 

18 

(■) 

BaCrOi 

8-07 .10-* 

B 

18 

(*) 

BaSO« 

0-057.10-* 

B 

25 

(•) 

CdS 

1-14 .10-* 

BP 

25 

(•) 

CaCO, 

18-4 . iir* 

B 

25 

(’) 
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TABLE III, 01 (Ccpniimietf) 


Substanoe 

Solubility (b) in g.inol/l. 
or 

Solubility product (sp) in 
terms of g.ioDB/l. 

Tcnip.”C. 

Ref. 

Ca(COO)fe 

1-78 

.itr* 

■p 

25 

(') 

CBSO 4 

2-01 

■ lOr* 

B 

25 

(■) 

Cf)S 

8 

.i(r“ 

BP 

20 

(•) 

Cu(IO,), 

seo 

. 10 ^ 

s 

25 

(") 

CuS 

3-40 

. 10 r« 

BP 

25 

(•) 

C||,S 

8-5 

.i(r« 

BP 

25 

(•) 

CU.CI. 

7-04 

. 10 -* 

s 

25 

(“) 

Cii|I| 

5-0 

.KT" 

HP 

18 

(■) 

Pf(OH). 

1-412 

.icr* 

B 

18 

(“) 

Fe(OH)k 

B-14 

. 10 -* 

H 

18 

(“) 

Fe(COO). 

8 -DO 

. 10 -* 

B 

18 

(“) 

FcS 

5-01 


s 

18 

(*') 

PbCO, 

5-25 

.ir* 

B 

20 

(“) 

PbCrO« 

5-27 

.10-’ 

H 

20 

(”) 

Pb^ 

1-04 

.10-* 

S 

20 

(“) 

PbS 

802 

. 10 -“ 

B 

25 

(‘) 

PbSO, 

1-40 

,io-« 

B 

25 

i”) 

M«(NHJ,(S04), 

2-5 


fl|) 

25 

(") 

Mg(Oll), 

40 

. 10 -“ 

Bp 

25 

(") 

M^CO, 

7-40 

.10-* 

R 

100 


HftCI, 

5-42 

. 10-« 

sp 

10-2 

C) 

lI(r,Br, 

3-HH 

. I(r» 

Bp 

1D2 

(") 

Hfol. 

10-5 

. io-« 

sp 

lD-2 

(■*) 

Hg,C;rO, 

2-0 

. io-» 

Bp 

25 

(") 

NiS 

4 

.lOrW 

B 

20 

(•) 

AgCI 

100-1-05 

.KT* 

B 

20 

(") 

AgBr 

1*86 

.10-* 

B 

20 

D 

A«I 

1-0 

.10-“ 

BP 

25 

(•) 

AgCr 04 

1-03 

. 10-* 

B 

27 

(") 

AftS 

8-28 

.10-“ 

Bp 

25 

(•) 

AgSCN 

1-08 

.10-* 

B 

18 

C) 

AgCN 

2-10 

.10-’ 

B 

18 

(“) 

SrCO, 

1-4 

. 10-* 

H 

18 

(') 

Sr(COO), 

2-8 

.10-* 

B 

18 

C) 

SrS 04 

7-5 

.10-* 

B 

18 

(•) 

ZiiS 

1-4 

.10-* 

8 

25 

(•) 

Til 

0-47 

.10-* 

■P 

25 

C) 
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TABLE III, 61 {CmHnued) 


Refertnees: 

' W.Bubcu, Z. anorg. Chem,, 1927, 161, 161, 

■ J. Heyhovsky. Co8. Caieh, Chan» Comm., 1929, 1, 19. 

■ J. Waddell, Analyst, 1918, 42, 287. 

* E. W. Neubiann, j. Am. C9um. Soc., 1933, 66, 879. 

^ O.Rvff, Z. anorg. Ckem., 1929, 185, 3B7. 

* S. F. Hevitz, j. Phys, Chan., 1936, 40, 61. 

^ II. 0. Askew, Trans. New Zealand Inst., 1023, 54, 791. 

■ A. E. Hill, J. Am. Chan. Roc., 1937, 69, 2242. 

* L. Moser and M. Bedr, Z. anor^. Chem., 1924, 134, 49. 

“ B. H. Peterson and K. L. Mkyebs, J. Am. Chan. Roc., 1980, 52, 4858. 

K. Khemann and F. Nobs, Ulonaisch., Chem., 1912, 33, 1205. 

G. Almquist, Z. anorg. Chem., 1018, 103, 240. 

F. Muhata, j. Roc. Chan. Ind., Jap., 1932, 35, 5288. 

U. SciiULDEU, K. Gadenne and II. Niemann, Ber., 1927, 60, 1510. 

» A.MiciiwTTZ, Z. anorg. Chem., 1028, 171, 285, im; 176, 277. 

» W. Bottgeii, Z. phy.nk. Chem., 1M);S, 46, 521. 

M. HirvuiiKCiiTS and C. Deoaud, Bull. Roc. Chim. Belg., 1933, 42, 331. 

L. J. BiTiiRAOE, J. Chan. Roc., 1920, 1703, 1890. 

>■ H. 1). CnorKKORD and 11. J. Krawlev, J. Am. Chem. Roc., 1934, 56, 2600. 

See P. Wenger, 7'ables annuelUts, 1911, 2, 411. 

« L.^Viuthy, Trans. Faraday Roc.. 19:J3, 29. 415, .523, 853, 1327. 

” J. Lku'k, Z. mul. Chem., 1932, 67, 415; Z. tmorg. Chan., 1933, 2J0, 2(K1. 

» .1. Leigk, Z. mwrg. Chan., 1033, 210, 208. 

** A. K. Biiodsky, Z. FAcktrochem., 1929, 35, 838. 

^ A. PiNKvs and P. Hanju':/, BuU. Roc. Chim. Belg., 1938, 47, 532. 

C. Bedel, Cmnptes Uendfot, 1938, 207, 032. 

” G. S. Whithv, Z. anorg. Chan., 1910, 67, 107, 

1'. VV. Davies and U. A. R(miN.S 0 N, Trans. Faraday Roc., 1937, 33, (f38. 

A. Seidell, iVoluOiIifiM oj hmganic Compxmnds, Van Nnstrand, New York, 1940. 

TABLE 111, 02 

nUFFER S0LUT1ON.S OF KNOWN pH 


Phtliulute-llCI inixtures 20 °C. 


50 ml. of M/5 KHPlithalate | 

nd. of M/5 IICJ to be added 

Dilute to 

S-2j>U 

46-00 nil. 

aoomi. 

2-4 

30-00 

200 

2-0 

33-00 

2r)0 

2-B 

20-50 

aoo 

30 

20-40 

200 

3-2 

14-80 

200 

3-4 

905 

200 

3-0 

6-00 

200 

3-8 

2-05 

200 
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TABLE III, 62 (dmNmieri) 


PhUudate-NaOH mixtures 20 °C. 


SO ml. of M/S KHPhthalate 

ml. of Af/5 NaOlI to be added 

Dilute to 

4-0 pH 

0-40 ml. 

200 ml. 

4<2 

8-05 

200 

4.4 

7-38 

200 

4-0 

12-00 

200 

4-B 

17-50 

200 

5-0 

23-65 

200 

5-S 

20-75 

200 

5-4 

35-25 

200 

5-0 

80-70 

200 

5-6 

43-10 

200 

0-0 

45-441 

201 ) 

0-2 

47-00 

200 

KlliPOi-NaOll mixiiin‘s 20 

so ml. of M/S KHaPO, 

ml. of M/5 NoOH to lie udded 

Dilute to 

5-8 pH 

3-06 ml. 

200 ml. 

0-0 


200 

0-2 

6-55 

200 

0-4 

12-60 

200 

0-0 

17-74 


0-6 

23-00 

200 

7-0 

20-54 


7-2 

34-00 


7-4 

30-.H4 

200 

7-0 

42-74 

200 

7-8 

45-17 


8-0 

46-BS 

200 

Borir Acid 

, KCl-NaOll iiiixlurr.s 20 “C. 


so ml. of M/5 lIjBO,, M/5 KCl 

ml. of M/5 NaOlI to be added 

Dilute to 

1 

7-8 pH 

2-65 ml. 

200 ml. 

8-0 

4-00 

200 

8-2 

5-00 

200 

8-4 

8-55 

200 

8-0 

12-00 


6-8 

16-40 

200 
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TABLE in, 62 (CMinuetf) 


GO ml. ofiir/G HgBO„ M/6 KQ 

mL of Jf/6 NaOHto be added 

Dilute to 

0-0 pH 

21-401111. 

200 mL 

9-2 

26-70 

200 

9-4 

82-00 

200 

9-0 

86-85 

200 

9-8 

40-80 

200 

10-0 

48-90 

200 


UCl-KCl niixtiireB of consiuiit ionic strcii^li = 0-1. 


CiUciilated on asHUiiiption Umt/n^- = 0-84 


KCl 

iiinlar 

HCl 

molar 

pH 

Stock* 

KCl 

Boln. ml. 

Stock 

HCl 

soln. ml. 

Dilute 

to 

pH 


0-10 

1-076 

0-00 

+ 

50-5 

100 ml. 

(10)(Ji,, = 0119)t 



1-122 

2-72 


47-2R 

100 

1-1 

0-02 

O-OH 

M73 

12-45 

+ 

87-55 

100 

1-2 

0-08 

0-07 

1-281 

20-16 

-I- 

29-84 

100 

1-8 


0-06 

1-298 

26-80 

+ 

28-70 

100 

1-4 

0-05 

0-05 

1-877 

81-18 

-f 

18-82 

100 

1-5 


0-04 

1-474 

85-03 

4- 

14-95 

100 

1-6 

0-07 

0-08 

1-590 

88-12 

+ 

11-88 

100 

1-7 


0-02 

1-774 

40-57 

+ 

9-48 

100 

1-8 

0-00 

0-01 

2-076 

42-51 

+ 

7-49 

100 

1-9 

O-OO.'i 

IB 

2-877 

44-05 

+ 

5-85 

100 

2-0 

0-008 

mm 

2-775 

45-27 

+ 

4-78 

100 

2-1 

0-099 

0-001 

8-076 

40-24 


8-76 

100 

2-2 


* stock KCl: 0-2 molur. f solution, the ionic strength is 

stock IlCl: 0-2 molar. adjusted from 0-1 to 0-11D to give unit pll. 


Sbrensen’s Phosphate mixtures 
11-876 g. Na,HPQ« . 2U|() per 1. D-078 g. 1vH|POc per 1. 

Tein|ierature 18 "C. 


NU1UPO4 solution 

KHsPOg solution 

pH 

0-25 iiU. 

9-75 ml. 

S-2BB 

0-5 

9-5 

5-589 

1-0 

0-0 

6-906 

2-0 

8-0 

6-289 

8-0 

7-0 

6-46B 

4-0 

0-0 

6-648 
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TABLE III, 62 {CwHmiitd) 


Secondary 

Primary 

pH 

5*0 ml. 

5-0 ml. 

6-818 

6-0 

4-0 

0-079 

7-0 

30 

7-168 

BK) 

2-0 

7-361 

9-0 

1-0 

7-781 

D-S 

0-5 

8-043 


Sobensen's citrate - NaOH mixturcR 
Citrate 21 'OOB g. ciyot. Citric acid + 200 cc. N NaOU per 1, 
NaOH: O lN. 



Temperature 


10 ® 

20 “ 

30° 

40° 

50° 

00 ° 


10-0 Citrate 


4-93 

4-96 

5-00 

5-04 

5-07 

5-10 

5-14 

0-5iid. Citrate + 0-5ml, NaOH 

4-89 

5-02 

5-06 

5-10 

5-13 

5-16 


9-0 

.. + 1*0 

If 

5-08 

5-H 

5-15 

6 -lD 

5-22 

6-25 


8-0 

M + 20 

If 

5-27 

5-31 

5-35 

5-30 

5-42 

5-45 


7-0 

+ 8-0 

If 

5-53 

5-57 

5-60 

5-64 

5-67 

5-71 

5-75 

6-0 

» + 4-0 

»* 

5-94 

5-98 

0-01 

6-04 

0-08 

0-12 

0-15 

5-5 

„ + 4-6 

II 

0-80 

6-84 

6-37 

G-41 

6-44 

6-47 


5-25 

„ + 4-75 

II 

6-65 

6 -6D 

6-72 

6-70 

6-79 

6-83 

■ 


L. E. WAiiBUii, Ergeb. Physitd., 1012, 12, 306 arid llioehem, Z., 1020, 107, 210. 
L. E. Walbum (1020) has determined the pll values for SoreiiBcn mixtures at 
temp, of 10°, 18°, 28°, 46°, 62° and 70° C. and lias intcTpoluted data for 

intervening tcmjK'ratures. He finds tliat the alteration of pH with temp, is for 
the most part negligible for tlie phosphate mixtures, the giyeo(X)ll-H(3 niixtiires 
and the citrate-HCl mixtures (sec pp. 730, 742 - 3 and 741 rcsptxdively). 
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TABLE III, 02 (ConHnued) 


Sorenben’s borate - HG miztureb 
Borate Solution: 12-404 g. H|DO, + 100 ml. N NaOH per 1. 
HCl: O-IN. 


Temperature 



80" 

40" 

50" 

00" 

70- 

10-0 ml. Borate 




0-30 

9-2$ 

9-15 


B-OO 

8-98 

8M 

g-5 „ 

II 

+ 0-6 

ml. HCl 

9-22 

9-15 

B-OB 


8-94 

8-87 

8-80 

B-O „ 

II 

+ 1-0 

11 

II 

B-14 

9-07 


8-94 

8-87 

8-80 

8-74 

B-5 .. 

II 

+ 1-5 

11 

11 

D-00 

8-99 


8-86 

B-BO 

8-78 

B-67 

8-0 „ 

II 

+ 2-0 

II 

II 

8-9U 

8-89 

8-88 

8-77 

8-71 

8-65 

8-59 

7-6 

II 

+ 2-5 

11 

II 

B-B4 

B-7B 

8-72 

8-67 

8-61 

8-55 

8-50 

7-0 

II 

+ S-0 

II 

11 

B-72 

8-07 

8-61 

8-56 


8-45 

8-40 

es „ 

II 

+ 8-5 

II 

II 

8-54 

8-49 

8-44 

8-40 

8-35 

B-80 

8-26 

6-0 „ 

II 

+ 4-0 

II 

■1 

8-82 

8-27 

B-28 

B-IB 

8-15 

8-11 

8-08 

6-75 „ 

>1 

+ 4-25 

II 

11 

8-17 

8-18 


irill 

B-02 

7-0B 

7-95 

S-5 „ 

II 

+ 4-5 

11 

11 

7-90 

7-98 

7-89 . 

7-86 

7-B2 

7-70 

7-7B 

5-25 „ 

II 

-f- 4-75 

II 

II 

7-04 

7-61 

7-58 

7-55 

7-52 

7-49 

7-47 


SRRI'.NHEN'B citrate - HCl MIXTURBS 
Citrate: 21-QOB g. cryst. citric acid + 200 cc. JV NaOH per 1. 
HCl: O IJV. 

Temperature IB "C. 


Citrate 

HCl 

pU 

U-Oml. 

10-0 ml. 

1-038 

1-0 

9-0 

1-178 

2-0 

8-0 

1-418 

8-0 

7-0 

1-B25 

8-88 

o-e7 

2-274 

4-0 

6-0 

2-972 

4-5 

5-5 

8-864 

4-75 

5-25 

8-520 

5-0 

5-0 

3*602 

5-5 

4-5 

8-048 

6-0 

4-0 

4-158 

7-0 

8-0 

4-447 

8-0 

2-0 

4-652 

9*0 

1-0 

4-B80 

9-5 

0-5 

4-887 

10-0 

0-0 

4-958 


L.E.WALDUM, BtofAeiR.Zeif., 1020,107, 219. 
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Sbbenben'b gltcogo 
NaOH: O-lAT. Glycoooll Holiitj 
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S2 (Gpfiliiitied) 

NaCl-NaOH mottureb 

7*505 g. GlyoocoU + 5*B5 g. NaCl per 1. 
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TABLE III, 62 (ConfinuAf) 

j|lf/l5 PHOSPHATE mZTUBES AT 20° AND SB ”C. 

0-lN HCl of 1*0B used bs standard of reference. 


MftS 

NbiHPO. 

MftS 

KHiPO. 

pH det. 
at 20° 

pH det. 
at SB- 

49-6 nil. 

50-4 ml. 

6-800 

0-781 

52-5 

47-5 

6-862 

0-829 

55-4 

44-6 

0-000 

6-BB5 

58-2 

41-8 

6-058 

6-024 

61-1 

as-e 


6-979 

63-D 

86-1 

7-057 

7-028 

06-6 

88-4 

7-103 

7-070 

6B'2 

30-8 

7*154 

7-128 

72-0 

28-0 

7-212 

7-181 

74-4 

25-6 

7-261 


76-B 

28-2 

7-813 


78-B 

21-1 

7-864 


80-B 

10-2 

7-412 


82-5 

17-5 

7-462 


B4-1 

15-9 

7-504 


85-7 

14-3 

7-561 


87-0 

18-0 

7-010 


88-2 

11-8 

7-055 


80-4 

10-6 

7-705 


90-5 

9-5 

7-754 


01-5 

8-5 

7-800 


92-8 

7-7 

7-848 


98-2 

6-8 

7-000 


98-8 

6-2 

7-948 

7-DlO 

94-7 

5-8 

8-018 

7-077 


A. B. llASTiNOS and J. Sendaoy, J. Biol. Chem., 1024, 61, 095. 
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4. Data oa Electrode Processes and Electrode Potentials 

TABLE IV. 1 

BTANDABD ELECTllODE POTENTlALa * 


IrreproduicibUily of Meaauranenis. The large effect of the state of the electrode 
BUifaoe, often strcued as a factor governing the potential asHOciated ^h on 
irreversible electrode process, is generally contrasted with the small effect of this 
factor on reversible electrode potentials. A detailed examination of the literature 
docs not support this ooiitentinn. EffeiTts of surface characteristics on reversible 
electrode potentials arc probably portly due to the different degrees of mechanical 
strain in the metal induced by different modes of preparation. Impurities, par¬ 
ticularly occluded gases, present in varying quantities, may have a considerable 
effect on tlie electrode potential by introducing other reactions at the electrode- 
solution interface, l^ck of complete reversibility of tlie electrode reaction may 
also cause irreproducible measurements. 

* Sec also vol. I, Tables 22, p. 231 and 23, p. 26^1. 





TABLE IV, 1 {ConHnued^ 









TABLE IV, 1 (Continued) 







TABLE IV, 1 ( ConHnued ) 
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TABLE IV, 1 (CMinued) 

Arrangment of Valuea of Standard Ekcirode PotenHaia, The Bgreement between 
the results of independent work is relatively poor, except for some of the softer 
metals where coneordanoe of about 1 niv. is found among several independent 
determinations. For many elements, much larger discrepancies occur due partly 
to the difficulties of determiiiatinn described above, but more frequently to lack 
of relevant data which makes for the accurate evaluation of e,. On this account, 
tile present collection disUnguishes three classes of values. 

In Table I, Column A refers to those elements for which there are apparently 
reliable independent data, concordant to within about 1 mv., which lead to an 
evaluation of the standard electrode potential. 

Column B refers to those elements for which iiisufficiently reliable data are 
available for an accurate evaluation of the standard electrode potential. In tills 
case, the most accurate results in the literature concerning the standard electrode 
potential are given with explanatory notes. The concordance between independent 
determinations is of the order of 1 cv. 

Column C refers to those electrode |Mitcntials the values of wliich are of an 
extremely provisional nature. 

Table IV, 2 refers to the standard potentials of some well-known half-cells, 
the values given Itcing of an accuracy comparable with that of the values in 
column A. 

TABLE IV, 2 

STANDAED POTENTIALS OF SOME WELL-KNOWN HALF-CELLS * 


Electrode 

£o (volt) 

lleferences 

l»b(Hg)-PbSO|.S(V' 

—U-35] 

114, 115 

Ag-Agi.r 

—0152 

102 

Ag - AgBr. Br' 

0-071 

98, 103, 104, 105, 106 

Hg-HgO.OH' 

U09H 

lOT, 108 

Hg-Hg,Br, .Br' 

0-140 

109 

Ag-AgCl.(T 

U-222 

98, 110, 111 

Hg-Hg,Cl,.CI' 

0-268 

112, 118 

Htt-Hg.SO..S 04 " 

0-615 

98 

Pb - PliO,. PbSO.. SO." 

1-68:1 

115 


* Sec also vol. I, Table 23, p. 25B. 

RefamDea: 

1 V. A.PLESKOV, Uapachi.Khim., 1947, 16, 254. 

* W. M. Lahueb, Oxidation PotmtiaU, New York, 1088. 

> G.N. Lewis, ct a/., J. Am. Chem. Soc., 1918, 35, 340; ibid., 1910, 32, 1659; 
1912, 34, 119; 1915, 37, 1090. 

^ A. C. Taylor, J. Rea. Nat. Bur, 1040, 25, 781. 

> E. N. Gapon, j. Phya. Chm. Ruu., 1940, 30, 1209. 
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TABLE IV. 2 (CoBtfnued) 


■ J. C. MiBcnALEK and T. E. Phippb. J. Chem, Ed,, 1D28, Bp 197. 

* R. G. Bates, J. Am. Chan. Soc., 1988. BO. 2988. 

■ R. H. Stokes and J. M. Stokes, TVoim. Faraday Sac., 1945, 41, 685. 

" R. A. Robinson and R. H. Stokes, ibid., 1940, 36, 740. 

H. N. Pahton and J. W. Mitchell, ibid., 1989, 35, 758. 

" J.Shrawdeh, I. a. Cowperthwaite and V. K.LaMer, J. Am. Chem..Soe., 
1984, 66, 2848. 

H. S. Habned and M. E. FmoERALD, J. Am. Chan. Soe., 1986, 58, 2624. 

G. N. Lewis and M. HANriAU., Themodynamia and the Free Enagy of Chanical 
SiAstanca, New York, 1928. 

U. U. Geiikm, Chan. Ro)., 1924, 1, 877. 

M. L. Brouty, Ctmpi. rend., 1942, 214, 2.58. 

M. M. Hahinu ttiid J. C. VVuiTE, Trans. Electwchan. Soc.^ 1038, 73, 211. 

R. II. Gehke, j. Am. Chan. Sttc,, 1922, 44, 1684. 

W. U. Caiimody, ibid., 1020, 51, 5008. 

M. Randall and J. Y. Cann, ibid., 1930, 52, 580. 

” J. J.Linoank, ibid., 1038, 66, 724. 

M. M. Hahing, M. R. llATnELo and P. P. Zappuni, Trans. Electrochan. Soc., 
1030, 75, 167. 

” 11.11. Willard and Nino Kang Tang, .7. Am. Chan.Soc., 1087, 59, 1188. 

” Grin.nklii Jones and B. B. Kaplan, ibid., 1028, 50, 2006. 

" W. C. Bray and A. V. llEHSiiKY, ibid., 1034, 56, 1803. 

B. B. Owen and S. R. Brinkley, ibid., 1088, 60, 22.33. 

» J. R. C 11 J. 01 TFEK and V. Z. DANni^, roll. Czech. Ctiem. Comm.. 1032, 4, 124. 

” G. N. Lewis and H. Stoiicii, J. y\m. Chan. Hoc., 1017, 39, 2544. 

Grinnkll Jones and S. Backstrom. ibid., 1934, 56, 1524. 

” G. N. Lewis and F. F. Rupert, ibid., 1011, 33, 290. 

» R.II.Gerkk, ibid., 1022, 41, 1084. 

N. Kameyama, H. Yamamoto and 0. Skumfki, J. Soc. Chan. Ind. Japan, 
1026, 29, 079. 

M. Randall and L. E. Young, J. Am. Chm. Soc., 1028, 56, 089. 

B. Neumann and H. Richter, Z. Elektrochan., 1025, 31, 287. 

S. Makishima, ibid., 1035, 41, 607. 

” H.E.Bent, G.S. Fokren and A.F.Fohziatti, J. Am. Cftan. Soc., 1030, 61, 700. 
^ J. L. Crenshaw, ibid., 1084, 56, 2525. 

W.M. Latimer, P. W.SrHUTziind J.F.G. Hicks, J. Phys, Chan., 1984,2,82. 

» G.Devoto, Z. Elektrochan., 1028, 34, 10. 

M. Tamele, j. Phys. Chem., 1024, 28, 502. 

« G. E. CoATias, J, Chan. Soc., 1945, 478. 

W. M. Utiher, j. Phys. Chan., 1927, 31, 1267. 

** A. Smitb, Z, Elektrochem., 1024, 30, 228. 

L. Bouchet, CompUraid., 1029, 183, 1287. 

** W. M. Latimer and B. S. Gbeensfelder, J. Am, Chan. Soc., 1928, 50, 2202. 
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^ A. Smitb and 11. Gerdinq, Z. EUktrochm,, 1025, 81, 804. 

II. Geboing, Z. physik, CAem., 1080, 161 A, IDO. 

" 1. A. Karsonowbkt, Z. onor^. Chm,, 1028, 120, 88. 

^ E. ScuwABZ VON Bebgkahpf, Z. Elekirochm,, 1092, 3B, 847. 

** G. Kimura, Bull. IruL Phys. Chem. Res. Tokyo, 1085, 14, 04. 

” A. A. Noyes and E. S. Fbeed, J. Am. Chm. Sot., 1020, 42, 476. 
n MoToo Watanab^, Bull. Inst. Phys. Chm. Res. Tokyo, 1020, 8, 078. 

” Motoo Watanab^, Rep. Tohokuimp. Univ. (1), 1088, 22, 002. 

M. Randall and M. Fuandsen, J. Am. Chm. Sot., 1032, 54, 47. 

W. H. Hampton, J. Phys. Chm., 1020, 80, 080. 

** T. W. RiCHAitus and \V. T. Hichabiis, J. Am. Chm. Soc., 1024, 40, 80. 

“ E.M. Hattox and T. dk Vries, ibid., 1030, 58, 2126. 

S. Hakomori, j. Am. Chm. Soc., 1080, 52, 2372. 

T. Heymann and K. Jellinek, Z. physik. Chm., 1082, IBO A, 84. 

M M.M. Haring and B. B. Westfall, Ttans. EUetmhm. Soc., 1084, 65, 285. 

H. ScuiLDnACii, Z. Klektrochm., IDIO, 10, 067. 

31. M. IIABINO and £. G. Vanden Bosche, J. Phys. Chm., 1020, 38, 161. 

” L. CoiiOMBiER, Cmnpi.rend., 1084, 108, 278, 408. 

” Kb'Anji Murata, Bull. Chetn.Soc.Jap., 1028, 8, 57. 

B. Furesti, Gfisz. Chitii. Ital, 10<lO, 70, 840. 

** E. Abel, E. Bratu and 0. Hedligm, Z. physik. Chm. A., 1085, 178, 353. 

” 1). F. Smith, J. Am. Chm. Soc., 1028, 45, 8(i0. 

» E. H. Swift, Urid., 1023, 45, 871. 

G. N. IjEWIS and \V. N. Lacy, ibid., 1014, 86, 804. 

■■ Frieduich MOixeb and U.Rkuitier, Z. Elekirochm., 1041, 47, 640. 
Fbiedbich MOller and H. Rel^heu, ibid., 1042, 48, 082. 

M. Quintin, j. Chim. Physique, 1038, 35, 800. 

R. F. Nifxbon and 1). J. Brown, J. Am. Chem. Soc., 1027, 40, 2428. 

R. Buhian, Z. Elrktrochem., 1081, 87, 238. 

F. H. Getman, Trans. Electrochm. Soc., 1083, 64, 201. 

I. A. Karsonuwsky, Z. Chm., 1023, 128, 17. 

W.M. Latimer (2), based on results of K. Schujimann, J. Am. Chm. Soc., 
1024, 46, 52. 

^ G. Grube and F. Sciiweigardt, Z. Elcktrochm., 1023, 20, 257. 

W. Nernst and 11. Von Wartknuvrg, Z. physik. Chm., 1006, 56, 534. 

” G. N. Lewis, J. Am. Chm. Soc., 1900, 28, 15H, 

^ J. N. BrOnsted, Z. physik. Chm., 1009, 65, 84. 

W. Nernst, SitzungHber. Berlin. Akad., 1000, 255. 

** G. N. Lewis and M. Randau., J. Am. Chm. Soc., 1014, 36, 2468. 

» W. M. Utimer, j. Phys. Chm., 1027, 31, 1267. 

^ M. Phytz, Z. anorg. Chm., 1080, 183, 118. 

F. H. Getman, 7Vans. Electrochm. Soc., 1034, 66, 143. 

M W. M. Utimer, J. Am. Chm. Soc., 1026, 48, 2868. 

^ B. Neumann and H. Richter, Z. Elektroclim., 1025, 31, 481. 

C. S. Garner and 1). M. Yost, J. Am. Chm, Soc., 1987, 50, 2738, 

H. P. Stout, Trans. Faraday Soc., 1045, 41, 64. 

E. H. Riesenfeld and F. MOller, Z. Ekkirochm., 1085, 41, 87. 
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>1 F, MOlleb, MtmaUh., 1B2D, 63, 215. 

Kokichi Sano, Kifizoku^o^KerAyu, 1035, 18, 548, 

** A. N. Campbell, J, Chm. Soc,, 1028, 2328. 

** I. A. Karsonowsky, quoted by LATiiiEB, ■. 

** H. J. Schmidt, Sttzuri^, Akad. Wim. Wim., 1020, 138, 755. 

** M. Haibsinsky, J.Chim. Physique, 1085, 32, 116. 

” D.H.Templeton, G. W. Wait and C.S.GABNEB,J.ilin.C/im.jfoe.,1048,65,1608. 
H. S. Hakned and B. B. Owen, The Physical Chmistry of Electndytie iSioItdibfM 
Ueinhold Publ. Coqi., New York, 1048. 

" B. Neumann, Z, physik. C8m., 1804, 14, 1082. 

R. H. Gerke and M. 1). Rourku, J. Am. Chm. Soc., 1027, 40, 855. 
in T. F.Bueuber and W. E. Robeveare, ibid., 1027. 45, 1080. 

B. B. Owen. ibid.. 1035, 57, 1520. 

A. S. Keston, ibid., 1085, 57, 1671. 

U. S. Harned, a. S. Keb'jyin and J. G. Donelbon, ibid., IINIO, 68, OHO. 

H.S. Harned and J. G. Donelson, ibid., 1087, 50, 1280. 

B. B. Owen and L. Foering, tWd., 1030, 58, 1575. 

F. Fried, Z. physik. Chm., 1020,123 A, 400. 

Y. Kobayabiii and H. Y. Wano, J. iSict. Himhima Umu., 1034, 5 A, 302. 
W.l). Larson, J. Am. Chem.StM:., 1040, 82, 70.5. 

S. S, Trentish and G. Scatchard, Chm. Rev., 1033, 13, 180. 

H. S. Harned and H. W. Eulers, J. Am. Chm. Soc., 1082, 64, 1850. 

M. Randall and L. K. Young, ibid., 1028, 50, 080. 

F. MOlleh and H. Reutiier, Z. Ekkinclmi., 1043, 49, 407. 

.1, Shrawdek and 1. A. Cowferthwaite, J, Am. Chm. Soc., 1084,58,2840. 

11. S. Harned and W. J. Hamer, tbuf., 1035, 57, 38. 

F. Fenwick, J. Am. Chm. Soc., 1026, 48, 800. 

Note; See also Table 22, Chap, VII. 


TABLE IV, 3 

standard POTEN11AI. OF THE Ag/AgC] E1.F.CTRODE AS FUNCllON OF TEMPERATURE 


Temp. "C. 

Ep iiiv. 

Temp. ®C. 

Eflinv. 

0 

023084 

85 

0-21508 

5 

•23BS2 

40 

•21200 

10 

<28126 

45 

-20821 

15 

-22847 

50 

•20487 

20 

-22551 

55 


25 

-22230 


■iim2o 

80 

•21012 




Accuracy: dzO-OS inv. 

H. S. Harned and R. W. Ehlers, J. Am. Chm. Soc., 1082, 64, 1850. 
See also Table IV, 2, 
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TABLE IV, 4 

LIQUID JUNCTION POTENTIALB 


Solution 

Composition in mol/1. 

Ibtal 


HCl 

KCi 

KNO, 

molality 

A 

_ 

4-185 

_ 

4-185 

B 

— 

8108 

1-085 

4-188 

C 



1-085 

4-139 

D 

0-048 

4-147 

— 

4-100 


1 . Liquid Junction potcntiala calculated from Henderson equation. 


Junction between the above solutions: 

Potential at 25 °C. in mv. 

A/B 

—0-22 

A/D 

—0-48 

n/c 

—0*40 

B/D 

-0-28 

(VD 

—0-21 

C/A 

—0-70 


G. G.Manoy, N. J. DEliOLLiR and S, F. Acbee,./. Ren. iSTal. BmtmSiand, , 1944,33,273. 


2 . K|Fc(CN)|/K«Fe(CN)| junctions at 25 °C. 


K,Fe(CN)« 

cone. 

(nuil/l.) 

K4Fe(CN). 

cone. 

(inol/1.) 

Mean cone. 
(mo1/l.) 

Liquid junction 
potential 
in mv. 

0-5 

0-05 

0-275 

81-5 

0-4 

0-04 

0-22 

81-0 

02 

0-02 

0-11 

28-5 

0-1 

0-01 

0-055 

25-9 

0-1 

0-005 

0-0525 

33-5 

0-1 

0-001 

0-0.505 

52-2 

0-02 

0-001 

0-0105 

26-6 

0-01 

0-001 

0-0055 

18-1 


E. B. R. Prideaux, J. Chan. Soc., 1944, 606. 

For older work, see also: 

P. F. Buchi, Z. EUkirochem., 1924, 30, 448. 

P. B. Taylor, J. Phys. Chan., 1927, 31, 1478. 

A. B. Lamb and A. T. Larson, J. Am. Ckein. jfoc., 1920, 48, 229. 

E. J. Roberts and F. Fenwick, J. Am. Chan, Soe., 1927, 49 , 2787. 
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TABLE IV, 5 

BTANDAIIO OZmATION-BEDUCnON POnCNTlAliB AT 25 'C, 
1 . INOMAHIC BTSIBHB 


eaVoIti 


Ref. 


Reaction 


Cr"' + = Cr" 

Ti-■■ + = Ti" 

Co(CN),'" + e,- = Co(CN),"" 

V"+ «!,-= V 

TiO” + 2H' + = Ti" + H,0 

Sn- + 2«.- = Sn" 

Cu" + != Cu‘ 

VO" + 2H’ 4 tC = V " 4 H,0 
PtCI," + 2r,- = Pica,'' + 2C1' 
Fe(CN),'" 4 f,- = Fe(CN),"" 
ll,AaO, I 2H‘ + 2e|- llaAaO, 4 H,0 
I,' 4 2f,- = 31' 

Fe"’ + ea~ = Fe" 

2H«"4 2«!i-=II«r," 

HIO 4 H- 4 f,- = r 4 11,0 
V(OH),' 4 2H' 4 «•" = VO" 4 8H,0 
Ti"' 4 2 «b- = Tr 
PdCl," 4 2e,- = PdCl," 4 2a' 

Cr,0," 4 15H' 4 0)%- = 2Cr " 4 7H,0 
HBiO 4 H' 4 2e," = Br' 4 H,0 
MnOy 4 4M' 4 Sf." = Mn" 4 2H,0 
aO,' 4 8H' + Be." = a' 4 «1,0 
PbO, 4 ♦H" 4 2«,' = Pb" 4 2H,0 
CIO,' 4 6H- 4 ««,■ = Q' 4 811,0 
HCIO 4 H’ 4 2*,- = a' 4 ano 
Mn- 4 e,“ = Mn" 

Ce"" 4 *i" = Ce " 

H,0, 4 2H' 4 24~ == 2H,0 
Co- 4 ft" = Co" 


-041 

1 

-0-87 ± 0-01 

2 

—0-88 

8 

-oao 

4 

010 

5 

0154 ± 0-001 

6 

0-167 ± 0-001 

7.B 

0-814 

4 

0-72 

9 

0-856 

10 

0-550 

11,6 

0-585 

12, B 

0-771 ± 0-0005 

13,20 

0-D(»5 d: 0-001 

14 

O-DO 

15 

1-000 ± 0-0005 

16,17 

1-25 

IB 

1-2BB 

19 

1-.S6 

20, B 

1-88 

B 

1-230 ± 0-002 

21 

1-85 

H 

] -4.'S6 ± 0*0005 

28.24 

1-45 

22.8 

1-50 

8 

1-51 

25 

1-610 ± 0-001 

26 

1-77 

8 

1-B42 + 0-01 

27,28 


* im) = ionic Btrenj^. 


Rtfmnea: 

* G. Grube and G. Breitinoer, Z. Eldctrodian., 1D27, 22, 112. 

' G. S. Forbeb and L. P. Hall, J. Am, CAem. Sae., lIMM, 42, 855. 

* H. Ijeder and P. Schachterle, Z. Elektroehm., 1225, 32, 561. 

* F.Foebster and F.BOitcuer, Z.phyrifc. Chem., 1980, 151 A, 221. 
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* B. D1ETIIEI.M and F. FuEiiaTEU, Z. physik. CAfm.j 1908, 82, 120. 

* C. S. Huey and H. V. Tartar, J. Am. Chem. Soc.^ 1084, 56, 2585. 

^ F. Fenwick, J. Am. Chm. Soc., 1026, 4B, 860. 

■ W. M. Laiimer, OxidaUtm Potentials, New York, Prentice-Hall, 1088. 

* D. F. Smith, J. Res. Nat, Bur. Stand, 1080, 6, 785. 

I. M. Koltuoff and W. J. Tomsicek, J, Phya, Chem., 1035, 30, 045. 

“ H. A. Lirbuafbky, J. Phya. Chm., 1031, 35, 1048. 

“ Grinnell Jones and B. B. Kavlan, J. Am, Chm. Snc., 1028, 60, 1845. 

W. C. SciiUHB, M. S. SiiERiiiLL ond S. B. Sweetber, J. Am, Chm. Soc., 1087, 
59, 2360. 

** S. PopoFF et al., J. Am. Chm. Soc., 1031, 53, 1105. 

» W. C. Bray and E. L. Cunnujxy, J. Am. Chem. Soc., 1011, 33, 1485. 

J. E. Carpenter, J. Am. Chm. Soc., 1D34, 56, 1847. 

C. D. Coryell and D. M. Yost, J. Am. Chem. Soc., 1083, 65,1000. 

M. S. Sherrill and A. J. Haas, J. Am. Chm. Soc., 1036, 60, 053. 

11. B. Wellman, J. Am, Chm. Soc., 1030, 52, 085. 

J. D. Neush mid W. Riemann, J. .4in. Chem. Snc., 1034, 56, 2238. 

D. J. Brown and 11. A. Liebuafhky, J. Am. Chm. Soc., 1030, 52, 2505. 

« A. R. Olkon, j. Am. Chm. Soc., 1020, 42, 806. 

" H. Fhomuerz, Z. phyn'k. Chem., 1031, 16.1, 387. 

^ H. S. Harneo and W. J. Ha.mer, J. Am. Chem. Soc., 1035, 57, 83. 

" G. Grubk and K. Hudehicu, Z. Blektrochm., 1023, 29, 17. 

" A. A. Noyes and C. S. Garner, J. Am. Chm. Soc., 1036, 53, 1265. 

" A. A. Noyes and T. J. Dfjiiil, J. Am. Chrrn. Soc., 1937, 50, 1337. 

” A. B. Lamb and A. T. Lar.son, J. Am. Chem. Sue., 1020, 42, 2024. 

" D. Bezier, Ann. Chim., 1045 (xi) 20, 161; J. Chim. Phya., 1044, 41, 100. 

See also vol. I, Table 24, p. 262. 


2. ORQANIC systems 



Solvent 

Cp volts 

1,4-Naplithoquiuone (N.Q.) 

A 

0-48 

2-Methyl 1, 4 N.Q. 

B 

0'40 

2-Phenyl 1, 4 N.Q. 

B 

0'45 Accuracy: cv. 

1.2-N.Q. 

B 

0-57 

4, Methyl 1, 2, N.Q. 

B 

0-53 


A EtOH 50%, O lN HCl, 0-2N UCl. 
B EtOH 70%, 02N HCl, 0-2N IJCl. 


See L. F. Fieser and M. Fibber, J, Am. Chem. Soc., 1085, 57, 401. 
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TABLE IV, 5 {CtmHnued) 


Nitrosobenmu-phmyUiydroaeyl^ system in 60% acetme^ater ihlN HCl. 


NitroBobenzcDe 

2-Methy]- 

2,5-Dimethyl- 

2-Ethyl- 

S-Chloro- 

2-Broino- 

8-Iodo- 

«• volts 

0‘5B 

0-50 

0-50 

0'5B Accuracy: ±1 cv. 

0'50 

0-59 

0-58 

K. E. Lutz ti al, J. Org. Ckm. 

IUII7, 2, 08. 

Anthfaquinones 

Solvent 

Cg vnlts 

2-11 y druxy-1, 4- tintlira quin on c 

n 

0-27 

1 :4-AiitliTaqiiliiuiic 


0*40 Accuracy; ±1 cv. 


A =. riO% aq. Eton, O lV IlH, 0-2iV LiCI. 
L.F. Fikser, J. Am. Chem.SfiC., 1028, 50, 405. 


Qmnofirff in akoholk mlulwu 

Cg VOltR 

Bciizoquiiioiic 


0-71 

Tuliiquinnnc 


0'60 Accuracy: ±1 cv. 

;i-Xyloquinonc 


O'OO 

ILK. Berliner, J, Am, Chem.St)c., 1040,69,4U. 


TABLE IV, 0 

IC.M.F.'h Ur MUI.TF.N HALT DAMKLL CEIJiS IN VOLTS 



Pb 1 

PbBr, (1) + PbCI, 1 Bt, 



Mol fraction 

1-0(10 

0-800 

0-0(M) 

0-500 

0-4.50 

4W’C 

e.m.f. 

10624 

10786 

1-0860 

1-OD50 

1-1088 

800% 

e.m.f. 

1-0821 

1-0447 

1-0598 

1-0087 

1-076B 

550’C 

e.m.f. 

10017 

1-0150 

1-0818 

1-0415 

1-04D6 


An 1 AgBr (1) 1- LiBr 

Hr, 



Mol fraction N| 



im 



SOOT 

e.in,f. 

0'7895 

0-8085 

0-8202 

0-8301 

0-8680 

sso^c 

ejn.f. 

0-7r20 

0-7001 

O-BIOO 

0-8216 

0-8048 

600°C 

e.in.f. 

0-7S77 

0-7896 

0-7993 

0-B12B 

0-8010 


E.m.f. data aocurate to i:0'2 mv. 

E. J. SalstilOm and J. H. IIildedranii, J. Am. Chem. AV., 1950, 52, 4048. 
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TABLE IV, 6 (CtmUmed) 


Zn I ZnCIt I Cl| 


Temp. ”C 

601-0 


641-0 

565-2 

676-5 

e.m.f. 

1-6721 

1-5620 

1-5440 

1-6277 

1-5109 


E.m.f. data uccurato to :t0'2 mv. 

E. J. Salst]i6m and J. H. Hiu>ebhand, J. Am. Chtm. Soc., 1030, S2, 4048. 


Pb 1 PbO, 1 Cl, 

e.in.f. 

I'246T —6-S .I0h*(1 —550) 

Cd 1 Cda, 1 Cl, 

e.n[i.f. 

1-M21 — 0-29 . lir< ((— 599) 

Zn j ZnCl, 1 Cl, 

c.m.f. 

1-0050 —4-6 .10-*(1 —427) —808.10-’(f—427) 

Mg 1 MgCI, 1 Cl, 

e.ni.f. 

2-5112 — 0-7». 10-* (t — 700) 


Accuniir\': 0*2 iiiv. I = Irn'.pcTatiirc in 

n. Louenz and 11. Veldu, Z. anorf*. Cheni., 1020, 10:i, 81. 


Ag 1 A«C1 1 Cl, 

Ternp. 525 °C 

c.ni.f. 0-802 

Pb 1 FbCl,i Cl, 

Temp. 525 °C 

c.m.f. 1-255 


Accuracy: ±1 mv. 

5. A. Platenkv and V. llnzov, Acta Physicochim. UM.S.S., 1037, 7, 841. 


TAB1.E IV, 7 

ABSOLUTE, NULL OR ZERO POINT POTENTIALS IN VOLTS, WITH REFERENCE TO THE 
A^-CAL0M£L ELECTRODE 


Electrode 

Metal' 

Method 

Hef. 

Potential 

llL-pro- 

diieibility 

Hg 

Elcctrocapillory curves 

1 

-0-50 v. 

±0-01 V. 


Electrocapillary curves 

2 

-0-56 V. 

±0-01 V. 


Deflection of Hg drops 

8 

—0-63 V. 



Electrocapillary curves 

5 

—0-475 V. 

±0-003 V. 

Gb 

ElectrocapilLiiy curves 

4 

-0-00 V. 

±0-05 V. 

Pt 

Contact angle 

12 

00 V. 

±0-1 V, 
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TABLE IV, 7 {Continued^ 


Electrode 

Metal 

llethod 

Ref. 

Potential 

Repro¬ 

ducibility 

Ag 

CataiihoresiB of suspended particles 

6 

—0-2 V. 



Motion of massive metal 

7 

0-1 - 0-2 V. 



Adsorption of ions 

8 

0-28 y. 



Disturbance of potential by rubbing 
liiUectrode capacity in very pure so¬ 

Q 

0-18 V. 



lution and adsorption of ions in 
very pure solution 

10 

—0-24 V. 

±0-02 V. 

Ni 

Salt effect on 11 overfiotential (Va¬ 





lidity of result depends on cor¬ 
rectness of theoretical interfire- 
tation) 

11 

—0-54 V. 

±0-02 V. 


^ 11. Paiihdns, (IJiipubluilied). 

> G.Gouy, AntLPhyn., 1017, 7, (0), 129. 

* A. N. Fhumkin, J. Phys. Chem. U.ILS.S., 1017, 49, 207. 

* A. N. Fhumkin and A. Gorodet/kaya, Z. phyMik. Chetn,, 102K, 136, 215. 

* D. C. Guahamk, C/ifin. Z^rv., 1047, 41, 441. 

' .1. MofUfMefte, 1929, 53-54, 813. 

^ A. Gakuison', J. Am. Chem. Soc., 1023, 45, 37. 

' M. Vroskuiinin and A. N. Fhumkin, Z.physik. Chem., 1031, 155, 29. 

* K. BENNKwm and .1. SiiULZ, tbi’d., 1926, 124, 115. 

“ V. I. Veselovsky, Acta PhymcocMfU. IJ.R.S.S., 1080, 11, 815. 

1*. Lukovtskv’, S. Levina and A. N. Fkumkin, *4cla Phyncochim. U.R.S.S,, 
1U3D, 11, 21, 

A. Fhumkin et rd., Physik. Z. der Stiwietiinwnf 1032, 1, 255; 1934, 5, 418. 
TABLE IV, 8 

HEAT HE AUTIVATION (/1/Z*) ANIl EXOllANaE CUKHENT (i„) FOR Tflia REACTION 
211' 2C llg AT VAB01U.S CJATHODE MATl'.UlALS 
1. RELATIVELY IIKLIABLE VALUES 


Electrode 

Material 

j 

Solution 

a 

ig .inip./8q.cni. 

An* 

k.eal./ 

g.mol. 

Remarks 

Ref. 

iig 

1 

0-20A^H|Sa« 

1 

0-52 

«. 10-“ 

18-0 

i 25 T. 

1 

1 


0-25JVH,S04 

0-50 

0(1.10-“ 

20-7 

20" 

2 


l OJV lliSOi 

0-50 

4-«. ir“ 


20" 

3 


l OiV H,S()4 

0-49 

i-8.i(r“ 


20" 



0'2Ar D,S 04 

0-.52 

8.10-“ 

200 

25" 

4 


0-lJV nil 

0-49 

1-7.10-“ 


22" 

5 
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TABLE IV, B (ConMnucd) 


Electrode 

Material 

Solution 

a 

^ anip./Bq.cm. 

AH* 

k.ca1./ 

g.mol. 

llemarkB 

Ref. 

Hg 

o ijsr HCl 

0-4B 

0.10-“ 


20-C. 

0 


1-O.V HCl 

0-40 

1-7.10r“ 

22-0 

±03 

20" 

6* 


01^ HCl 

0-50 

0.10-“ 

21-1 

±0-3 

20" 

7 


aN lici 

0-43 

8 0.10-« 

9-7 

±0-4 

20" 

0* 


SN HCl 

0-45 

8-0.10-“ 

10-3 

iO-2 

20" 

6* 


7A’ HCl 

0*34 

1-4,10““ 

18-7 

±0-6 

20" 

quoted enerjj^ 
of utliv.itiun is 

at lower T's; 
it falls at 
hij^her T'b» 

O' 


lOA HCl 

(MN HCl in 
36% inethan- 

0*61 

1-0.10-“ 

10-5 

±0-2 

20" 

! 

(!• 


oiic Bolution 

O'liV UCl in 
100% mcthaii- 

0'36 

1 

3-1. i(r“ 

23-6 

±0-5 

20" 

7 


oUc Bolution 

O-DSAHCl in 
100% inetlian- 
olic solution 

OOl - O-CArilCl 
in 100% 
etbanolic Holn. 

0-36 

0-4 

0-5 

0-5 

10““ 

10-“ 

2 -10-“ 

10-7 

±0-2 

20" 

7 

B 

9 

Pb 

1-OJV HCl 

0-48 

2 , ir“ 


20" 

Suriboe scraped 
with knife; metal 
reduced by elec¬ 
trolytic evolu¬ 
tion of Hj. 

10 
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TABLE IV, B (CWMintied) 


Eleetnide 

Material 


Solution 



Go a-2JV H,SOt 0-50 1-0.10-' 

Woods 

AUoy 0-2iV Il,SO( 0-4 1. lU-* 

Ni 0 wnn IICI 0-6.B 2. lOr' 

O-OIAT IICI 0-64 2 . lO-' 

0-liV HCl 0-5G D.10~' 

HIJVHCI 0-Sl 4.10r» 

NII.W 0-49 7-8.10-* 

in iiq. Nil, 

Ag I O-OOlNHCi 0-47 8.10-’ 

OO-IN HCl 0-45 5 . lO-* 


I 

I 


01 A’ IICI 


l OA HCl 


I 5 0JVHC1 

! 


Pt 1-OA’ HCl 


ocw 5. i(r» 

0 4fi 8 . 10-* 

0-07 3. icr* 

045 1 2.10"* 

0-83 

048 2.10-* 

041 1-0. l(r» 


15-2 sr 1 

liquid state 

164 87" 1 

6- 7 20“ 

0-0 Electrode un- 

G-9 iiCQledMsC.BOO" 12 

10-3 ill contact hysil 
glaaB 

7- 0 -’50“ 18 • 

I 

I 20 “C. Electrode 
annealed 700“C. 
in contact hysil 

glOBH. 

lower c.d. ranjve 
upper 

lower 20 

upper 

low’cr 

iipjjer 

C-7 20“ 14 

Extrapol. from 10 
values nt c.d. 1 
amp. per sq.cm. 

Over c.d. range 
l(r« - 10-* in¬ 
creases, mark¬ 
edly. Electrode 
smooth, acid 
etched, and 
heated to 000“ 
in H| in contact 
with hysil gloss. 
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TABLE IV, 8 (ConHmed) 

8. VERY APPROXIMATE VALTHfiS 


Electrode 

filaterial 

Solution 


anip./sq.em. 

/!//• 

k.cal./ 

g.mol 

Remarks 

Ref. 

T1 

INHCI 

0-7 

icr” 


ao° 

15 






Surface scraped 







sharp knife 


Bi 

IJVHCl 

U-6 

lO-’^ 


18“ 

16 






Surfac.t' scraped 







sharp knife 


Nb 

1JVHC1 

n-G 

ur« 


20“ 

15 

Be 

INIICI 

0-5 

io-» 


2(»" 

15 






Dissolved at c.d. 
10~“ amp./sq.cm. 


Cu 


0-5 

10-* 


20“ 

14 






Surface anneal¬ 
ed in Hy 8piik*d | 
to soda glass. 


W 

SA'HCl 

0-G 

i(r« 


20“ 

14 






Surface anneal¬ 
ed in 11,, t'o cx- 
trapnl. from 
meusmts. above 
10~^ainp. sq.cm.1 
Sealed t<» iiysil | 







glass 


Pt 

0-2^H,SO, 

2*0 

i(r* 


Spongy l*t 

17 

Au 

IN Ha 

1-3 

lo-" 


18“ 

16 






Platefl 



(i) Note tliat knowing a and ty, the overputeiitiul r} at any given c.d. can be 
calculated by iiicanB of the equation 

RT i 

r/ = 2-80!I 

provided that a is constant. 

(ii) Selection and division of the data in the above table is Imsed upon a study 
of the relevant determinations. Particular importance was attached to the method 
of purifying the solution. Sonic of the values recorded in the similar tabic in (ID) 
must be discarded os they indicate that the electrode surface was poisoned. 

* Calculated from this reference, unpublished. 
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TABLE IV, 8 (CotUinwd) 


Rejerencea: 

^ F. P. Bowden and E. K. RideaLi Proe. Roy, Sfpc., 1028, 120A, 59. 

> Z. A. JOFA and K. P. Mikiiun, J. Phys. Chan, Ki»s., 1044, 18, 187. 

* Z. A. JoFA, B. Kabanov, F. M. Cuihtyakov and E. Kuchinski, Acia Phytieo- 
cftiffi. IJ.R.S.S,, 1080, 10, 817. 

* F. P. Bowden and H. F. Kenyon, unpublished. 

■ S. IjEWINa and Y. Sarinsky, Acta Physicochim. U.R,S.S.f 1087, 7, 401. 

■ Z. A. JoFA and V. Stepanova, J. Phys. Chan, Bum., 1045, 19, 125. 

’ J. CVM. Bockrib and B. Parsons, Trans. Faraday Sac., 1040, 45, 010. 

■ F. P. Bowden and K. E. \V. Grew, Faraday Sue,, Discusmn, 1047, 1, 86. 

* S. Lewina and M. Silberfaiid, Acta Physkochim. U,R,S.S., 1986, 4, 278. 

B. Kabanov and Z. A. Jofa, Acta Physiaichim. V.R.S.S., 1080, 10, 616. 

A. Legran Olid S. Lewina, iind., 1040, 14, 211. 

” J^. ('. Potter, Thesis, liondon, 1050. 

” V. A. Plkhkov, Acta Physicochim. U.RJi.S., 1080, 11, 305. 

A. M. Azzam, Thesis, J.un(l(iTi, lO'lO. 

J. O'M. Boi'KRis, Trans. Faraday Sac., 1047, 43, 417. 

“ J. O'M. BorKius and II. Parsons, Trftns. Faraday Sou., 1048, 44, 860, 

” F. P. Bowden, Proc. Rmf. Sac,, 1920, 12eA, 107. 

J. O'M. Bockrib, Faradai/ Sue, I}iscus!dm, 1047, 1, 05. 

F. P. Bowden and J. N. Agar, ./Inn. Reports, 1088, 00. 

B. E. (kiNWAY, Thesis, London, KHO, and in jircss, Trans. Faraday Sac., 1051. 
See also J. A. V. Butler, Kirctrifal Phenomena at Interfaces ui Chemistry, Physics 
and Hiiilogy, Molhueii, l/indon, 1051; and Chapter XI, p. 423. 

TABLE IV, n 

ELECmOKINETir POTENTIALS C V. CALCULATED FROM THE STERN THEORY 
FOR AQUEODB ELFXITnOI.YTE SOLUITUNS AT THE Afr-H^O INTERFACE AT 25 °C. 


Electrode 

IHitentiol 

0-01A 1 111 1 

o-sAruci 

|o-3iVHa 

in-23fBaC], 

0*6iV HCl 

fooiMirj 

josilfBaC], 

in volts 


clcctrokinetic |>oirntial$ in v. 


0 

0-0 

00 

0-0 

0-0 

0-0 

0-25 

0-13 

0-06 

0-025 

0-05 

0-08 

0-5 

0-16 

0-08 

0-04 

007 

0-04 

0-75 

018 

0-005 

0-05 

0-085 

0-045 

1-0 

0105 

0-11 

0-06 

0-10 

0-05 

1-5 




0-12 

0-055 

These fiji;iires sliow the dependence of f upon the “absohile” electrode potential 


nicttsiircd with respect to the null-point pfiteiitiol. See Table IV, 7. 


0. Stern, Z. Ekktroehem., 1024, 80, 508. 

Calculated by B.E. Conway, Thesis, London, 1040. 
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TABLE IV, B (ConHnued) 

ELECTBOKINEHC POT1ENT1ALB ( AT THE OLASS-WATEB INTEBTACE 


KCl Done, in niol/l. 

( in mv. 

10 

78 

2.5 

72 

50 

70 

](K) 

07 

250 

62 

500 

58 

1000 

52 

10* 

0 


W. G. Etersule and C. H.Estee, J. Chem. Phya,, 1043, 11, 03. 


ELEC'rROKlNETlC POTENTlATid ( AT THE BttSOi-WATER INTERFACE IN VARIOUS 
EIiECrnOLTTE SOLUTIONS 


Electrolyte solution 

C iniiiv, 

Sat. aq. BHSO4 

2e’0 

N/SOflOO K,SO, 4 lut. aq. BhSU, 

24-8 

A7a0,000 K,SO, + sat. aq. BaSO, 

IB’B 

A/10,000 K,SO, + aat. aq. BaSO, 

14-7 

aiV/10,000 K,504 + mt. uq. BaSOt 

7-0 

OAyiO.OOO KaSOi -)’ sat. aq. BaSO. 

8-6 

iV/50,000 BaCl. + sat. aq. BaSOi 

820 

JV/20,000 BbCI, + sat. ac|. B115O4 

SB'S 

N/10,000 BbC 4 + Bttt. aq. BaS04 

47>C 

(UV/10,000 BaCIf + sat. aq. BaS04 

00-8 

JV/1,000 BaCl, + sat. oq. BaS04 

600 


A. S. Buchanan and E. Heyman, Ptoc. Roy. Soc., 10*18, A. 106, 150. 
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TABLE IV, 10 

FOLAROGBAPHIC HALF-WAVE FOTEMTIALB IN VOLTS WITH RESPECT TO NORMAL 
CALOMEL ELECTRODE FOR REDUCTION OF VARIOUS CATIONS IN AQUEOUS BOLUTIONB 


Cation 

reduced 


Half-wave potentials in v. 


In neutral 

In IN 

1^NH,+ 

IJVKCN 

10% tartrate 


or acid soin. 

alkali 

lNNH4Ci 


or citrate 

Ca" 

—2-2S 

—2-23 


_ 


Li' 

—2-81 

-2-31 

— 

— 

— 

M«" 

-10 

— 

— 

— 

— 

Sr" 

—2-18 

—213 

— 

— 

— 

N«' 

—2-15 

—213 

— 

— 

— 

K* 

-2-17 

—2-17 

— 

— 

— 

Rb' 

—2-07 

—207 

— 

— 

— 

Cb- 

—200 

—2'OD 

— 

— 

— 

Nil,’ 

-2-07 

—217 

— 

— 

— 

Ba" 

—1-D4 

—1-04 

— . 

— 

— 

1U“ 

-ISO 

—1-80 

— 

— 

— 

Al- 

—1-70 

— 

— 

— 

— 

Mn" 

—1*55 

-1-74 

—1-00 

—1-37 

-1-7 

Cr‘ 

-1-42 

—108 

-1-74 

— 

— 

Fc" 

—i-:w 

—1-50 

-1-52 

— 

— 

H' 

—1-«0 

— 

— 

— 

— 

tv 

—1-23 

—1-44 

—1-32 

—1-2 

“ 

Ni- 

—1-00 

— 

-1-14 

—1-42 

— 

Zn" 

—100 

—1-41 

-1-88 

— 

— 

In" 

-0-63 

—M3 

— 

— 

— 

Cd" 

-0-03 

— 0-80 

-0-86 

-M5 

-0-87 

Sn" 

-0-47 

—MB 

— 

— 

-0-72 

Pb" 

-0-40 

—0-81 

— 

-0-74 

—0-07 

IT 

-0-50 

—0-50 

-0-52 

— 

-0-52 

Sb- 

-0-21 

—1-2 

— 

— 1-17 

— 

Bi"' 

-^)-oa 

— 


— 

-0-41 

Cu" 

-o-o:i 

—0-52 

— 

— 

-0-21 

Cir 

— 

— 

-D-54 

— 

-0-21 

Au' 

— 

—1-3 

— 


— 

Au'" 

— 

-0-0 

— 




Accimcy: ±0*05 - 0-10 v. 

J. Heyrovbky, Polarographie, Wien, Springer VerLig, 1041 p. 202-8. 
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TABLE IV, 10 (OmfiniMcl) 

ANODIC PBOCEBBES 


Prooesa 

(Cone, of anions, O-OOlm) 

Half 

wave 

poten> 

tial. 

V. 

Process 

Half 

wave 

poten¬ 

tial. 

V. 

2 llg + 80' -Hg, 0 , + 2 e 

+0-17 

Fe" — Fe'" + t (O lJV KHF.) 

+ 0 - 0 B 

Hg + CNS'-.HrCNS + c 

+ 0-10 

Fe" - Fe- + e (NH„ NH 4 CI) 

- 0-88 

2 Hg + SBi' Hs,Br, + 2 c 

+0-04 

Mn ' -Mn‘ * + e( 2 VKOH 


Hg + 20H' + H,0 + 2c 

+000 

with tartrate) 

-0-40 

2 Hg + 21' + 2c 

— 0-11 

Sn** -Sn— + 2 f (HCI) 

--0-06 

llg + 8 CN'-»H;g(CN), + 2 c 

—0-42 

Sn" — Sn"" + 2 r (Tartrate or 


Hg + S"-HgS + 2 c 

—0-70 

citrate buffer pH = 7) 

-0-48 



Sn" - Sn"" + 2 e( 01 iV KOH) 

-0-61 



Ti- -Ti"" + 2 f (HCI) 

-<118 


Half wave 


Process 

Solution 

potential. 

V, 

Cu' ^ Cu" + e 

O-lJV Na,SO. 

— 0-00 

Cu' ^ Cu" + e 

IJVNH,. lA*NH,a 

—0'27 

Cu' ^ Cu" + e 

Citrate buffer pH = 7 

-4)-21 

Cr" ^ Cr'" + t 

CnCl| saturated 

—0-55 

Fe" ^ Kc"' + e 

lA^ Na oxalate 

—0-80 

Fe* ^ Fe" + e 

Citrate buffer pH = 7 

—0'4D 

Fe" ^ Fe"' + e 

\N KOH 

— 0 -B 

■n". 5 * ’H"" + e 

Ca( If saturated 

-0-15 

Ti'"^Ti"" + e 

OlJVKCNS 

—049 

Ti' ^ Ti* ' + e 

Citrate or tartrate 

—0-48 

Hydroquinone ^ quinone 
(Quinhydrone) 

pH = 6-07 

— 0-011 

2H|0^H|0| + 2 H* + 2 f,- 

Neutral or alkaline 

—11 


Accuracy: ±0K)5 - 0-10 v. 

J. Heybovskp, Polarographiet Wien, Springer Verlag, 1D41. p. 204. 
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TABLE IV, 11 

ELBCTBOFHOBETIC MOBIUITEB 


MOBILITIES IN Cin,*/BeC./volt. 10* AT 0 ”C. 


pH 

m 

n 

B 

5 

0 

7 

8 

D 

Pepsin * 

^-08 

-0-23 

-0-45 






Ovalbumin * 



+0-10 

-D16 

—0-47 

—0-62 



Serum Albumin * 



+0-40 

-0-14 

—0-48 

—0-66 

-D-75 


y Globulin * 




+0-26 

4000 

^•12 

—016 


Riboiiuclease * 






+0-18 

—0-07 

—0-89 


The iief^ative Bigii iiiilicatcs that the ampholyte canieH a net negative eharge and 
niigratcB to the anode, wliilst the positive sign inilieates a cathnphilic mobility. 

Aeeuracy: ±5%. 

* Proteins of Egg White: L. G. lifjNGSwoHTii, Larson and I). A. MacInnes, J. Am. 
CVifffi. Sue., 1010, 62, 2587. 

* H. A. AHiiA.nHON, L. S. Moykh and M. II. Gohtn, Electmphorfgis of Proieim md 
ilte CftemintTif of CeU Surfaces, New Y'nrk, Rcinhold Piibl. Corp., 1642, p. 81. 


MOBIMIIES OF GLYCINE, AIJ^NINF. AND OLYCYL-OLYOINK 

IN eni.*/sec./volt. 10* at 0 "C. 


pH 

Glycine in 
IlCOOH 

Alanine in 

llCOOH 1 CH,COOH 

Glycyl-glycine in 
HCOOH 

2-8 

10-85 

8-6 


12-0 

2-4 

0-3 

7-7 


12-2 

2-G 

7-3 

6-1 

5-5 

11-2S 

2-7 

0-35 

5-3 

4-7 

10-7 

2-9 

4-0 

3-85 

3-35 

B-3 

3-0 

B-B 

3-2 

2-8 

B'6 

3-2 

2-65 

2-2 

1-8 

0-95 

8-0 




3-9 

3-8 




2-8 

3-0 




2-3 
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TABLE IV, 11 {Cmtinued) 

BIOBIUTIEB of OLYCINK, AIJLNINK AND OLYCYL-GLYCINE 
IN . 10* AT 0 "C. 


pH 

Glycine in NHg aq. 

Alanine in NH, nq. 

0-3 

-4-2 

—2-6 

e-4 


-31 

0-6 

—6-6 

—4-4 

0-B 

—8-3 

—5-9 

R-D 

—9-2 

-6-7 

10-1 

-10-8 

—8-35 

10-2 

—11-5 

—9-1 

10-4 

—12-7 

—10-5 

10-5 

—13-2 

—Ill 

10-7 

—13-9 

—121 

10-8 

—14-2 

--12-5 


H. SvLNSBON, A. Bknjaminsbon and 1. Dhati'Stkn, AcIu Chem. Sctmd,, 1040, 
:i, 307. 



:ms. x: A. im; p il. s 
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EXAMPLES* 

The problems which follow arc graded in order of difficulty. 
In general the first two are easy applications of the concepts 
developed in the corresponding chapter; the following six are of 
average difficulty; and the final two are adapted for the less 
elementary student. 

Answers to all problems and notes on the solution of the more 
difficult type arc given on p. 816. Since many are taken from the 
original literature further information can be gained by con* 
suiting the reference given. The student is not expected to arrive 
at exactly the numerical answers given since different methods 
of computation (particularly if graphical) may lead to small 
discrepancies in the result. 


CHAPTER I 


l-i. The velocity of a boundary of HCl with LiCl is followed in 
aqueous solution. It moves 15-0 cm. in a tube 1 cm. diameter in 
21 minutes when the current is 11'54 milliamp. If the concen¬ 
tration of the HCl is 0'01065JV, what is the transport number 
of the hydroxoniiira ion? 

1-2. A conductance cell is filled with 0-01 normal KCl at 25 °C. and 
placed in a bridge network having equal ratio arms. The resistance 
required for balance is 2,440 ohms. Evaluate the cell constant, 

* These eumples end their Bolutions sre by Roger Parsons, in part assisted 
by J. O’H. Dockris, J. Bowler Reed, B. R, Conway. M. A. V. Deyanatiian, 
S. IsNATOwm, (Miss) L. F. OLonELo, £. C. Potter, (Hiss) H. Rosenbero, 
J. W. Tomunson and R. G, H. Watson. 
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The cell is now filled with a 0-02^ solution of BaCl,, and the 
resistance required is 1,442 ohms. What is the equivalent con¬ 
ductance of BaCl, at this concentration? (Specific conductance 
of KCl is ipven in Tabic I, Chapter I). 

1-8. In an experiment to determine the absolute conductance of 
O'l N aqueous KCl, a right cylindrical cell of length 82-697 cm., 
and volume 58-862 ml. at 0 °C., with plane circular electrodes 
at the extremities was used. The resistance of the solution in the 
cell was measured at 0 "C. using a bridge network ABCD, where 
AB, BC, were the ratio arms 100 ohms and 1000 ohms respectively 
and CD was the conductance cell. For balance the value of AD 
was found to be 260-98 ohms. What is the specific conductance 
of 0-1 N aqueous KCl? 

l-i. Jones and Bradshaw (J. Am. Chan. Soe., 1982, 54, 188) 
determined the transport number of Li in LiCl using a cell with 
Ag/AgCl electrodes. After an electrolysis of four hours the weights 
of silver deposited in coulometers on cither side of the cell, in 
series with it, were 0-51677 and 0-51682 g. The concentration of the 
middle compartment remained unchanged at 7-6176 mg.IJCl/g. 
11,0 while the concentration in the anode compartment (which con¬ 
tained 128-14 g. of solution) decreased to 7-1141 mg.LiCl/g.I^O. 
What is the transport number of the chloride ion in this solution? 

1-5. A potentiometer wire of total length 1 metre is used to compare 
the e.m.f. of a Daniell cell with that of a Weston cell at 20 °C. 
If the length of the wire required to balance the Weston cell is 
50-86 cm. and that for the Daniell cell is 52-45 cm., what is the 
e.m.f. of the Daniell cell? What will the balance point be if a 
10 ohm resistance is placed (a) in series with the Daniell cell (b) 
in parallel with the Danieli. cell (internal resistance of Daniell 
cell is 0-72 ohms; e.m.f. of Weston cell is 1-018 v.)? 

1-6. A 0-1002N solution of AgNO, was electrolysed between pure 
silver electrodes for 6 hours. The cathode was found to have 
gained 0-1207 g. in weight and the 86-25 ml. of solution in the 
cathode compartment were titrated and found to be 0-0941N 
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with respect to silver nitrate. The anode compartment contained 
106'51 ml. of O'lOSll^^ silver nitrate. What is the transport number 
of the silver ion in this solution? 

1-7. A hydrogen coulomcter and an iodine coulometer were con¬ 
nected in series. During a passage of current for 1 hour 95-0 ml, 
of hydrogen were collected at 19 °C., the atmo.spheric pressure 
being 74-4 cm of Hg. The iodine released was titrated with a O'lA^ 
solution of AsjO, and 78-34 ml. were required to neutralise it. 
Assess the error of the hydrogen coulometer. 

1-8. The current passing through the circuit in Question 7 is also 
measured by passing it through a calibrated 10 ohm resistance 
(calibrated value 10-24 ohm) and the potential across this resist¬ 
ance measured by means of a slide wire potentiometer at 19 °C. 
using a Weston standard cell in opposition to the p.d. being 
measured. 81-51 cm. of the wire are required to balance the 
resultant p.d. and 73-26 cm. to balance the .standard cell alone. 
What is the current flowing and how does this agree with the 
value obtained from the iodine coulometer? 

1-9. In a certam electrode-solution system, bubbles of hydrogen gas 
are evolved and it is found that the pressure of hydrogen inside 
the bubble is equal to the pressure of hydrogen outside it. The 
radius of the bubble is r and its surface tension y. What is its 
electrostatic potential? 

I-io. The space between two metal plates, of large area, d cm. apart, 
is filled with ionized gas at a uniform pressure (1 atmosphere). A 
gaseous ion is formed at the right hand plate at time ( = 0. The 
charge demsity on the plates is a and is constant with time. At 
a time t' an additional electric field F is impressed on the system. 
F varies coulombically from a position (at which the conditions 
arc N.T.P.) h cm. below the ion. The dielectric constant of a gas 
may be taken as e = 1 + m p, where p is the pressure in atmos¬ 
pheres and m is a constant. 

Find how long the ion takes to cross from one plate to the other (as¬ 
sume that the viscous resistance of the gas to the ion is negligible). 
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CHAPTER II 


n-i. The molar heat capacity at constant pressure of alumina is 
given by C, = 22 08 + 8-971.10-» T + 0-5225 . lfl» T"*. What 
is the minimum amount of heat required to raise one mole of 
alumina from 25 "C. to 1500 °£.T What is the entropy change of 
the alumina during such a process? 


11-2. Schumann, Aston and Saoenkaun (J. Jm, Chem. Soc., 1942, 
64| 1089) give the following values for the molar heat capacity of 
isopentane. 


T-K. 

Cp 

T'K. 

Cp 

20 

8-25 

120 

29-68 

25 

4-82 

150 

80-72 

80 

6-00 

186 

81-D5 

50 

10-41 

240 

35-20 

70 

15-00 

260 

36-59 

110 

20-75 

290 

40-49 


Fusion takes place at 113-39 °K., the latent heat of fusion being 
1226-3 cals/g.mol. Extrapolate the values of the heat capacity 
to 0°K using the Debye equation and obtain a value of the 
standard entropy of isopentane by a graphical integration. 

idT \ 

11-8. Show that the Jouij;-Thomson coefficient l^j for any gas 
may be represented by the equation ' ® 


im 


Substitute values for V and 


for a gas obeying the Van 
RT . 

DEE Waals equation (assuming that V = — in the correction 

terms) and show that the Joule-Thomson inversion temperatures 
may be obtained from the equation 
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Calculate values of these for ethane, for which a = 5*46 litre* 
atm.inol~* and b = 6-47.10~* at 1 atin.litre.mole~^. 

n-A Show that the entropy of 1 mole of a mixture of t ideal gases is 
greater than that of the separate gases under the same external 
pressure by 

-BINflnNf. 

< 

(N^ is the mole fraction of i in the mixture). 

II-S. From the following data (M. de K. Thohbox, The Total and 
Free Energies of Formation of tia Oxides of 32 Metals, New York, 
1942) evaluate expressions for the free heat content of the red 
and yellow monoxides of lead, 

Pb^) C, = 5*77 + 2-02.10"* T; 

Oj C, = 9-268 + 0-870. lO"* T — 42-82 T"* ; 

+ 8-18 • lO"* T . 

The standard heat of formation for the red oxide is 

—52,460 cal.mole~^ while that for the yellow oxide —^52,060 cal, 
mnlc~^. The standard free heat content of formation {dG^) for 
the red oxide is —45,288 cal.mole~‘, while that for the yellow 
oxide is —45,188 eaLinole"’. Hence, derive an equation for the 
free heat content change in the transition from yellow to red 
oxide and calculate the transition temperature. Which oxide is 
.stable at room temperature? 

II-«. The energy of the bond 0—H may be defined as half the heat 
content change occurring when a water molecule is formed from 
two hydrogen atoms and an oxygen atom, i.e. 0 + 2H->-I^O, 
=r —220-4 k.cal., and the 0—H bond energy is —110-2 k.cal. 
[cf. L. Pauling, Nature of the Chemical Bond, Cornell Univ. Press 
1944). Calculate the bond energies of C—H, C— C, and C=C bonds 
if the dH of formation of atomic hydrogen is -|'51-7k.cal./g.atom; 
atomic oxygen is -|-59-2 k.cal./g.atom; H|0(g) is —57-80 k.cal,/ 
g.mol; CHi (g) is -17-89 k.cal./g.mol.; C|^(g) is -20-24 k.cal./ 
g.mol., and (^H((g) is +12-56 k.cal./g,mol. The heat content 
change when 1 g.atom of diamond is vapourised is +124-8 k.cal. 
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Hence calulate the total bond energy of benzene assuming a 
Kekul£ structure. Also calculate this quantity if the heat of 
combustion of benzene, AH = —789-2 k.cal./g.mol, and the AH 
of formation of CO, is — 94-05 k.cal./g.mol. Suggest a reason for 
any discrepancy in these values for the total bond energy of 
benzene. 


n-7. Calculate the partial molar volume of potassium iodide in 
aqueous solutions of 0-2, 1, 8 and 5 molal, using the following 
data: 


wt.% KI 

1 

4 

10 

14 

20 


Density 

1-00484 

1-02677 

1-07446 

1-10860 

1-16888 


wt.% KI 

24 

80 

40 

50 


Density 

1-20865 

1-26849 

1-39268 

1-54208 


lI-«. 


U-9. 


If y is the free heat content at an interface of unit area in 
excess of that which would exist if both phases were uniform up 
to a mathematical surface dividing them, and T, are the 
surface excesses of the two components in the system per unit 
area, show that dy = —iS, dT — T, d/i, — F^dfif (iS, is the sur¬ 
face excess of entropy per unit ai-ca). 

If the mathematical surface is so placed that the surface excess 
of one component vanishes, show that the surface excess of the 


Cm dy 

second is given by, T, = — ^ ® dilute solution. 


Show that 


dP_ 

dV 


idP 


Cp 

c' 




ll-io. Radiation of wavelength 7500 A at an intensity of 10* candle 
power/cm* is directed onto a tliermopile with junctions covering an 
area of 1 cm*. One side of the thermopile is thus raised from 20 "C. 
to 20-1 "C. Calculate the maximum amount of electrical energy 
(in watts) which could become available for measurement on 
external instruments (1 c.p. = 2.10** quanta/sec.). 
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CHAPTER III 


ni-i. Extend Table 8 by calculating values of the lattice energy for 
the caesium halides. CsF crystallises in the rock salt structure 
and the remainder in the CsCl structure. 



•■o(A) 

n 

CsF 

8-00 

9-5 

CsCl 

8-58 

10-5 

CsBr 

8-78 

11-0 

Csl 

8-96 

12-0 


111-2. Check the results of Question 1 using the Boen-Habeb cycle 



W 



CsF 

-181-5 

82-2 

-98-5 

CsCl 

-106-6 

28-9 

-92-5 

CsBr 

— 97-5 

26-9 

—87-1 

Csl 

— 83-9 

25-4 

—79-2 


All in k.cal. 

111-3, Calculate the heats of solvation for CsF, CsCl, CsBr, Csl at 291 °E. 

if the initial heats of solution of these substances in water are 
respectively—8-87, +4-75, +6’78, and -|-8’25 k.cal./g.raol. The 
specific heats of the crystals ma}’^ be taken as those of the corre¬ 
sponding rubidium salts (use values of I7g from Question 1). Calcu¬ 
late these solvation heats theoretically and compare with the 
above experimental values. 

(Radius of Cs+ = 1-70 A. e^.o at 278 'K. = 86-10; at 288 “K. = 
82-19; at 298 °K. = 78-48, and at 808 ’’K. = 74-94). 

111-4. Evaluate the percentage error caused by using equation (4) 
instead of equation (8) for the interaction of a water molecule 
with a sodium ion at closest approach (diam. HgO = 8-0 A, 
diam. Na = 2 A) assuming the distance between the poles of 
the water dipole to be 0-5 A and the angle 9 is 10^ 
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At what distance is the approximation within 1 % of ( 8 ) when 
f = 0 ", 45", 60" and 90"? 

III- 5 . Show that the energy of interaction of a charge with a 
quadrupole composed of two linearly oriented dipoles in opposite 
senses each with charges ±_e and length I is approximately given 
by 

2 ee^P cos* tp 
~ ? ’ 

where r is distance between the charge and the mid point of the 
quadrupole and ip is the angle of inclination of the quadrupole 
to the field. What is the relation between the distances at which 
the interaction energy between an ion and an HCl molecule will 
be equal to that between the same ion and a CO, molecule if 
(p = 60" in both cases, = VOS debye; = 2-8 debye; 
C —0 distance is 1*22 A). 

m-e. Show that the total energy of interaction between two mutually 
induced dipoles of moment Hi, and polarisability Oi, a, re¬ 
spectively is 

—^ [«i (1 + 8 cos* 0,) -f Oi /I,* (1 + 8 cos* fl,)]. 

Oi, 0 ,, are the angles between the axis of the dipoles and the line 
length r joining the centres of the two axes. 

If the dipoles are identical and are subject to random rotation, 
what is the energy of interaction? 


lU-^. 


Using the result of Question 6 , show that an approximate 
measure of the energy due to dispersion forces between two atoms 


is given by 



where a is the polarisability and I the ionisation energy. For a 
gm.molecule London {Trans. Faraday Sac., 1087, 33, 8 ) has 

IN \* 

shown that V = 8 ' 68 (-^j / a* in k.cal. which is approximately 
equal to the heat of sublimation for rare gas crystals. 
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Calculate the heat of sublimation for neon. 

(a = O-BB. 10“** cc.; density = 1>48 g./cc.; I = 495 k.cal.). 

III-8. Calculate the solvation number of the following ions whose 
standard entropies at 25 "C. are given, in cal.deg.~^mole~^ 

H+ 0-00 Na+ 18 Rb+ 28 

F- — 6 a- U-7 I- 26-5 

The absolute entropy of the chlorine ion may be taken as 
18-8 cal.deg~^mole~^ The molar heat of fusion of water at the 
melting point is 1488 cal. The molar heat capacity of water is 
18 cal. and of ice, 9 cal. 


II1-9. Passynsky (Jeta Physkochim. V.R.S.S., 1988,8,885) evaluated 
the solvation number of salts from the compressibility of their 
aqueous solutions. The immediate solvent sheath of the ion was 
considered to be subjected to such a great pressure by the electrical 
forces that it was virtually incompressible by external forces. Thus 
the decrease of compressibility as the ionic concentration is 
increased corresponds to an increase in the amount of solvent 
rcmo%'cd by solvation. The adiabatic compressibility (^) was 
obtained from measurements of the velocity of sound (V), 



where 9 is the density. 

Show that the number of grams of water {h) attached to a 
gram of solute is given by. 


h = 



100-g 


S 


whcje Pq and gg refer the to pure solvent, and g is the number of 
grams of solute dissolved in 100 grams of solution. Suggest pro¬ 
bable values of the solvation numbers at infinite dilution for 


NaCl and Nal. 

S 

V (m.sec."'^) 

S (g.cm.-i) 

NaQ 

10 

1497-0 

1-005 


5-81 

1547-0 

1-040 


21-25 

1741-0 

M57 
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g 

F 

e 

Nal 

1-S2 

1484-7 

1-009 


8-19 

1485-0 

1-024 


18-78 

1488-7 

1-115 


The velocity of sound in pure water is 1484-0 m./8ec. 

m-io. Evaluate the solvation number of lithium in 0-01, 0-02, 0-05 
and O'lJlf solution of LiCl using the Debye-HOckel equation 
for the steady motion of an ion (see Chap. V) and compare the 
results with those obtained at infinite dilution. 


c 

1 

"+ 

Inf. dU. 

115-08 

0-3864 

O-OIM 

107-8 

0-8289 

0-02 

104-7 

0-3261 

0-05 

100-1 

0-8211 

0-10 

95-86 

0-3168 

The crystal radius of Li 

is 0-70 A. 


CHAPTER IV 


IV-i. The freezing points of solutions containing 0-01 and 0-05 g.mol. 
of NaiSO| per 1000 g. of water were found to be —0-0525 °C. and 
—0-210 "C. respectively. Calculate the apparent (classical) degree 
of dissociation if the latent heat of fusion of ice is 79-67 cal./g. 


IV-2. The conductance of nitric acid in methanol and ethanol meas¬ 
ured by Murrat-Rust and Hartley (Pm. Roy. Soc., A, 1920, 
126,84) is given below. Investigate the applicability of Ostwald’s 


dilution law to these .systems. 


MeOH c. 10* 

A 

A„=m 0-9662 

178-69 

1-8148 

165-17 

8-0758 

151-00 

4-7296 

187-60 

6-5885 

124-16 

9-1680 

116-82 


Eton c. 10* 

A 

A^ = 87-5 1-0383 

52-56 

2-2022 

42-44 

8-8952 

85-14 

6-0849 

29-91 

8-5768 

26-29 

11-4924 

28-48 
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1V-.8. McCullough (/. Am. Chm. Soc., 1942, 64, 2672) investi* 
gated the absorption of light in solutions of diphenyl selenium 
bromide in carbon tetrachloride. This substance dissociates into 
diphenyl selenium and Br|. The ratio 2/1, uras determined for 
various concentrations and wavelengths, the thickness of the 


cell being 1-30 cm. 




W) 

III. 



1-62. 10-*M 

2-00.10-*M 

4-00. lO-^M 

840 

0-500 

0-386 


860 

0-632 

0-537 

0-140 

380 

0-742 

0-680 

0-818 

400 


0-798 

0-548 

Evaluate the dissociation constant if the molar extinction coef- 

ficients are: 





SeBr, 

Eg), Sc 

EBr, 

340 

6910 

3-5 

5-4 

360 

4670 

1-3 

26 

380 

2620 

0-6 

87 

400 

1130 

0-4 

166 


iv-i. Perman and Uruy {Proc. Roy. Soc., A, 1929, 126, 44) give 
the following results for the osmotic pressure of aqueous KCl 
solutions at 50 ‘’C.: 


c(g./100g.) 

P (atmos.) 

Density 

2-0 

9-73 

1-001 

5-0 

27-01 

1-019 

10-0 

61-30 

1-05 

15-0 

109-18 

1-08 

22-50 

196-8 

1-18 


Evaluate the osmotic coefficients. 


IV-A. Larsen and Hunt (J. Phys. Chem., 1985, 39, 877) measured 
the vapour pressure over solutions of NH 4 NOg in liquid N^. 
Ammonia gas at tliese pressures obeys the equation 
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— = 1 —1>856.10-* P — 2-578.10-« P*; 

RT 

P is in cm. of Calculate the activity of the solvent in these 
solutions. 



P (cm.) 

%h,no, 

P(cm.) 

22-8 

285-8 

1-40 

788-4 

15-2 

878-8 

1-14 

786-6 

11-2 

489-1 

0-917 

789-2 

6-88 

648-8 

0-688 

742-0 

4-19 

692-0 

0-508 

744-0 

2-94 

718-6 

0-411 

745-1 

1-97 

762-5 

0 

750-6 


iv-s. Jones and Heckman (J. Am. Chem. Soe., 1947, 69, 586) 
calculated the activity of KIO^ from measurements of the solu¬ 
bility of this substance in solutions of NaCl and LiNO, estimated 
iodometrically. The solubility of KIO| in pure water is 0-02248 
g.mol./lOOO g. From the solubilities quoted below for solutions 
containing NaCl and LiNOj calculate the activities of KIO| and 
plot the cun'e relating activity to ionic strength for the two 
“solvent salts”. Jones and Heckman obtained the solubility 
of KIO 4 at zero ionic strength using the equation 


logm 


0-5085 P 

L 


— log wiq i 

1 + 0-8281 a/* 



™K.C1 


%JH0, 

0-02561 

0-1024 

0-02397 

0-08075 

0-02724 

0-2025 

0-02564 

0-09282 

0-08040 

0-6096 

0-02818 

0-2089 

0-08204 

1-0289 

0-03046 

0-4112 

0-08804 

1-5894 

0-08358 

0-8179 


lV-7. Bn0NSTED and LaMeb {J. Am. Chem. Soc., 1924, 46, 555) 
determined by the solubility method the activity coefficient of 
oxalotetramminecobaltodithionate ([Co(NH,) 4 C, 0 |]|S| 0 ,) at 15 ‘C. 
Using the data given for the solubility in presence of K 1 SO 4 and 
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IV-B. 


KjCo(CN)e evaluate the activity coefficient of [Co(NHj)|C, 04 ],S, 0 , 
in solutions of the corresponding ionic strength. 



Added salt 

Solubility 


(equiv./I.) 

(g.mol/l.. 10*) 

K,SOi 

0-0 

1-545 


0-0006 

1-614 


0-0010 

1-640 


0-0020 

1-718 


0-0080 

1-775 


0-0050 

1-878 

K,Co(CN), 

0-0010 

1-651 


0-0020 

1-728 


0-0050 

1-889 

defined as 1 - 

AT 

— — where AT is the de 


1-858villa 



the freezing point of water when it is made molar with respect 
to an electrolyte dissociating into v ions, show that the activity 
coefficient may be evaluated from 

AT 


m 


J V J Wlj 


[ACp for the reaction (H20),^(Hg0), is 9 cals/g.moL). 

Hence evaluate the activity coefficient of KCl at O-l, 0-5, 
1-0 and l-5m from the data of Jones and Bury {Phil, Mag,, 
1927, [7], 3, 1072) given below 


m. 

AT 

m, 

AT 

m* 

AT 

0-0988 

0-340 

0-6047 

1-992 

1-397 

4-528 

0-1246 

0-425 

0-7018 

2-808 

1-608 

5-208 

0-2881 

0-808 

0-8308 

2-719 

1-818 

5-882 

0-2998 

1-007 

1-020 

8-328 



0-4549 

1-511 

1-220 

8-960 




IV-9. Show tliat if two aqueous solutions of different involatile 
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substances have the same vapour pressure, the activity coefficient 
of one may be obtained from that of the other by the relation 


•"/(«). = •“/(»).+In 



Robinson and Sinclaib (J. Am. Chm. Soc., 1084, 56, 1880) 
found that solutions of KCl and Lil of the following concen¬ 
trations had the same vapour pressure. 


”*KC1 

®*L1I 

0-1235 

0-1197 

0-1714 

0-1630 

0-2084 

0-1910 

0-2819 

0-2627 

0-7848 

0-6877 

1-160 

0-9705 

1-834 

1-098 

1-825 

1-443 

2-586 

1-906 

2-854 

2-089 

2-974 

2-170 

8-245 

2-327 

8-596 

2-529 


%C1 

Aiii)KI'I 

0-1 

0-766 

0-2 

0-715 

0-8 

0-684 

0-5 

0-648 

0-7 

0-624 

1-0 

0-602 

1-5 

0-581 

20 

0-572 

2-5 

0-569 

3-0 

0-570 

3-5 

0-573 


Evaluate the acti^nty coefficient of Lil in solutions from 0-1 to 
2-5fn. 


IV-io. It is found experimentally that the curve of 1 — /o (where 
/, is the osmotic cocflicient) against m, for strong electrolytes 
at high dilutions, becomes asymptotic to the 1 — /o axis as the 
concentration decreases. Show that this is in contradiction with 
the result expected from the classical theory. Although the 
(1 — /o) — rm curves for salts of the same valence type coincide, 
those for salts of different valence types do not. Wlmt particu¬ 
lar fault in the classical theory does this fact suggest? 
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CHAPTER V 

V-l. Calculate the radius of the ionic atmosphere in solutions of 
AljiSO,), in 20 % and 82% dioxan-water mixtures at 15 “C. and 
45 "C. when the ionic concentration is 0 - 1 , 0 ‘ 01 ,0-001,0-0001 mol./{. 

(For 20 % Dioxan e = 64-01 at 15 T. and 54-88 at 45 "C. 

82% Dioxan e = 10-01 at 15 “C. and 8-62 at 45 “C.). 

V- 2 , Show that in dilute solutions the ionic activity coefficients may 
be calculated from the mean activity coefficient of a salt by 
the equations 

log/+ = (^-ljloR/^ , 
log/- = ("-l)log/i.. 


v-3. Evaluate theoretically the mean activity coefficients for the 
complex salt in Question 7 Chapter 4 uith addition of K 2 SO 4 . 


V-4. Show that the work done in charging N^.,, .N^ ions of type 
1 .... t having valence .... in a given solution is 

Explain any difference between this expression and equation ( 20 ). 


V-6. Show that the osmotic coefficient of an electrolytic solution is 
given by 

f = I — ?. “i! (S jv. s.*)’'-. 


v-o. Using the result of Question 4 show that the heat absorbed 
when the concentration of a dilute solution of an electrol 3 rte is 
reduced so that the solution is at infinite dilution, at constant 
pressure and temperature is 




SiVjZj* 




2e 


T h 
e 


ZV'dT ' 
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V-T. Show that the heat capacity of a dilute electrolytic Rolution 
{Cp)f is related to that of the solution at infinite dilution (C^), by 

il'pli-lMp 4,y ^ + 8F 3T+ B Tdr 


“^(e ar) eF BTdT 


iVdP 


E dr 


V-8. Calculate to the nearest Sngstr0m unit the minimum distance 

from the centre of the ion to which the condition < 1 can 

be considered to hold for a univalent ion in a 1 -1 electrolyte and 
for a trivalent ion in a 8 • 1 clectrol}rtc both at O-OOlM in aque¬ 
ous solution at 25 °C. is the potential due to the ion and its 
ionic atmosphere). 


V-8. The practical activity coefficients for NaCl in 1, 2, 8 and 4 
molar solutions are 0'655, 0-670, 0-719 and 0-791 respectively. 
Calculate a mean value for the constant C in the Huckfj. equation 
(a = 4-4.10~* cm.), l^liat, approximately, is the absori)tion 
coefficient for nitrogen in a 2 molar sodium chloride solution at 
25° if that for pure water at 25° is 0-0142 ? 


V-io. Show that the distribution of a substance having permanent 
moment and polarisability about an ion of charge z^e and 
radius a in a solvent of permanent moment /i^ and polarisability 
aj, is given, in solutions up to medium concentration, by the 
equation 


Nf — JVq exp. I 


(ca— nB)(V.)' («r H)\* 

I—isrri—) 


+ 


(/IaCmAa—/«bC0»9»)V i fftr _r li\] 

^ ei*kr "\ («o|-l)“/J’ 


CHAPTER VI 


Tl-i. Cernatascu and Mayer (Z. physical. Chem., 1982, IGOA, 817) 
measured the conductance of aqueous solutions of pure KAsO, 
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and NaAsOi (il) and also of solutions of the same salt concen¬ 
trations containing excess of HAsO, (id,). Calculate the hydrolysis 
constants, (^^oh = ^NiOh = 248'1). 



c (g.raol./f) 

A 

A 

NaAsOi 

0-01562 

84-0 

79-80 


0-01018 

86-38 

80-84 


0-008294 

89-14 

82-80 


0-004161 

92-00 

84-49 

KAsO, 

0-01018 

110-3 

105-81 


0-008295 

111-64 

106-05 


0-002080 

120-00 

110-00 


Vl-2. 100 cc. of O'OlJV hydrochloric acid are titrated with N NaOH. 

Assuming complete dissociation of strong electrolytes and neg¬ 
lecting the volume change, plot the course of the specific con¬ 
ductance of the solution during titration. 

(f„„+ = 849-82, i,K.+ -50'll, l,er = 70-84, ?,oh- = 198). 

VI-8. Melcuek (J. Am. Chm. Soc., 1910, 32, 54) measured the con¬ 
ductance of saturated aqueous RUSO 4 solutions at various temper¬ 
atures. Show that the solubility of BaSOi nmy be represented by 


Inrp 


30,820 

~RT 


_^lnr-66-8. 

R 


"(T.) 

X 

Ag 

18" 

2-80.10-^ 

123 

25" 

8 - 00 . 10 -* 

144 

50" 

6-45.10-* 

229 

100 " 

14-00.10-* 

434 


VM. Gold {Trans. Faraday Soc., 1948, 44, 506), followed the 
hydrolysis of acetic anhydride conductimctrically. In 10 % acetone 
at 15 °C. the following results were obtained. Calculate the rate 
constant of the hydrolysis reaction. 
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(secs) 

c.lO* 

(Acetic acid) 

t 

e.lO* 

84 

3-27 

784 

17-27 

176 

5-51 

965 

19-78 

276 

7-96 

1208 

22-50 

417 

1094 

1481 

24-58 

601 

14-86 

10200 (oo) 

34-61 


VI-6. Using the experimental values of Question 2, Chap. IV calculate 
the true dissociation constants for nitric acid in ethyl and methyl 
alcohols. 

Vl-e. From the values given for the conductance of pure molten 
KNO) by Jaeger, (Z. anorg. Chm., 1920, 113, 27) and for the 
viscasity by Dantuma, (ibid, 1928,175, 1 ), calculate the energies 
of activation associated with each of these processes. 

Test Walden's rule and show that the form tjA" const, is 
required. Evaluate n. 


TX. 

X 

e (g./cc.) 

TX. 

V 

346-1 

0-658 

1-868 

348 

0-02758 

364-8 

0-718 

1-848 

367 

0-02480 

88.5-2 

0-776 

1-833 

386 

0-02242 

404-6 

0-831 

1-818 

405 

0-02043 

418-4 

0-876 

1-807 

418 

001923 

484-8 

0-921 

1-796 

443 

0-01712 

452-4 

0-973 

1-781 

450 

0-01662 

470-7 

1-026 

1-767 

470 

0-01531 

500-4 

1-108 

1-745 

492 

0-01415 




530 

0-01268 


VI-7. Show that the equivalent conductance at infinite dilution of 
a long chain substance is related to the number (n) of volume 
elements composing the volume of its molecules by an equation 
of the form. 

log = con.st. — fc log n 

(cf. E. Gonick, J. Phys. Chm., 1946, 59, 291). 

Assuming that the —CHf— group is the unit volume element 
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evaluate the volume element equivalent of a —COO' group and 
henee calculate for CyH„(COO'),. 


Acid 

K 

Oxalic 

76-6 

Malonic 

661 

Succinic 

59-7 

Glutaric 

55-8 

Adipic 

52-7 

Pimelic 

510 

Suberic 

48-9 

Azclaic 

45-5 


Vl-B. Show that in a solution of a colloidal electrolyte (NaA), /, 
the proportion of sodium ion not associated with micelles, may 
be approximately given by 


(^N»)frfC + 


where A is the conductance of the solution, mobility 

of the free sodium ions and the mobility of the micelles, 
assuming that the micelles are of uniform size and each contains 
the same number of gegenions. Robinson and Moillet (Proc. 
Roif. Soc., A, 1934, 143, 630) measured the coiiduetaiice and 
transport numbers of solutions of “Meta dye”. Calculate the 
proportion of bound Na'*' ions assuming that the mobility of the 
free sodium ions is the same as that of the sodium ions in cqui- 
nornial solutions of (a) NaCl (b) Na^SOf. 


NaCl Na,S 04 


Norm. 

A 

^A 

Norm. 

«+ 

A 

n+ 

A 




0-01 

0-3918 

118-51 

0-8848 

112-44 

0-0891 

51-5 

0-681 

0-02 

0-3903 

115-76 

0-8836 

106-78 

0-02970 

62-2 

0-668 

0-05 

0-3878 

111-06 

0-8829 

97-75 

0-01367 

72-1 

0-624 

0-10 

0-3853 

106-74 

0-8829 

89-98 


vi-B. Gleysteen and Khaus (J. Am. Chem. Soc,, 1947, 68, 451) 
obtained the following values for the conductance of methyl tri- 
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fi-butylamine chlorate in ethylene chloride at 25 "C. 

c . 10* (Mols/1.) 

2-547 82-29 

1-172 89-95 

0-4666 48-75 

0-2287 55-75 

Evaluate the dissociation constant at the lowest and highest 
concentrations. 

(yl, 68-80, ij = 0-00785, b = 10-28) . 


VI-10. Show from the Onsager equation for a weak electrolyte, 
A^ — a (A^ — A ^/oT), that 

cf^A , 1 


where / is the mean activity coefficient of the ions, and 


= 1 -s [ 1 -z {1 -2 (1 -z....) 

A{cA)'i> 


and z - ^ . 

“cc 

Given that 

l—z[l—z{l—z( 1—2.... 

-{co.s*4 


cos' 


^,-i/_ 3|/8(g) j 




evaluate the dissociation constant of methyl tri-n-hutylamine 
perchlorate in ethylene chloride using the data of the previous 
problem. 


CHAPTER VII 

vn-i. The e.m.f. of the cell, 

T1 (55% amalgam) | TlCl | J^Cl j Hg,Cl, | Hg, 
(nt.) (Mt.) 

at +25 ”C. is 0-729 v. The temperature coefficient of its e.m.f. is 
+0-00075 v./^C. State the cell reaction and calculate the change in 
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heat content, and entropy accompanying this reaction. How 
much heat vrould be absorbed by the system if the reaction were 
carried out, (a) reversibly in a cell, (b) irreversibly in a caloii* 
(dE\ 

meter? Would remain constant as the temperature changed? 

Vll-2. McInnes and Pareeb {J. Am. Chem. Soe., 1915, 37, 1446) 
and Beattie [ibid., 1920, 42, 1128) determined the e.in.f.’s of 
the following cells, 

(A) Ag I AgCl, KCl i KCl, Aga | Ag; 

(sat.) e, c, (ut.) 


(B) Ag 

1 AgCl, KCl 1 

(sat.) Cl 

K amalgam | 

KCl, AgCl 1 Ag 

c, (ut) 

Cl 

Cs 

i;(ceUA) 

£(ceUB) 

.equiv./I.) 

(g.equiv./l.) 

(v-) 

(V.) 

0-05 

0-005 

-0-05478 

-0-11085 

0-1 

0-01 

-0-06400 

—0-10898 

0-5 

0-05 

—0-05357 

—0 10740 

1 

0-1 

—0 05290 

—0-10055 


Calculate the transport number of the potassium ion in these 
solutions. How is a simple procedure for this calculation justified 
in this particular system? 


Vll-s. Lewis and Keyes (J. Am. Chem. Soc., 1918, 35, 340) deter¬ 
mined the c.in.f. of the cell, 

Li I Lil in propylamine | Li (0'0350% in Hg), 
as -|-0’9502 v. at 25 °C.; and that of the cdl. 


Li (0-0850% in Hg) LiOH 

0.1fn 

as -I-2-3952 v. at 25 “C. 


LiCl 

0.1m 


KCl i KCl, Hg A Hg, 


0.l7it Im (iuit.) 


Calculate the standard electrode potential of lithium if the mean 
ionic activity of LiOH in O-lm aqueous solution is 0-074. 

(The equivalent coiiductonras of O-lm solutions are Ajjon^ 204-4, 
4,0, = 97-9, 4oi = 128-8)- 

If the temperature coefficient of the e.m.f. of the first cell is 
-1-0-000822 v./T., what is the differential heat of solution of Li in 
an 0-0350% amalgam? 
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VIM. Comment on the degree ivith which saturated KCl suppresses 
liquid junction potentials by considering junctions between satur- 
N N 

ated KCl and N, and solutions ofHClandHjSOf (saturated 

KCl is 4-7JV; mobilities at infinite dilution may be u.sed to give 
an approximate result), 

vii-5. Hildebrand and Ruiile (J. Am. Chem. Soc., 1927, 49, 722) 
measured the e.m,f. of the cell, 

Pb I PbCl, KCl I Cl,. 

(molten biiIIh) 

Calculate the activity coefficient of PbCl, in the mixed melt at 
550° and 600° assuming that it is unity for the pure salt. 


Mol fraction KCl T°C. K(v. 

0 501 1-2000 

507 1-2659 

514 1-2604 

545 1-2382 

550 1-2382 

598 1-1980 

607 1-1980 

0-05 534 1-2512 

553 1-2371 

0-10 525 1-2620 

553 1-2417 

560 1-2357 

564 1-2330 

0-20 540 1-2575 

560 1-2409 

0-80 542 1-2754 

560 1-2618 

585 1-2411 

602 1-2266 

605 1-2246 

560 1-2912 

610 1-2491 


0-40 
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vn-4. Latimer (Oxidation PtOetUials, 1988) suggests that for the 
dissolution of barium in acids the best value for the heat content 
change is, AH — —128,860 cal./g.mol. and for the entropy change, 
AS = 18-4 cal.deg.~^mole~^ Calculate the standard potential of 
barium. Suggest a possible electrode for the determination of 
barium ions in solution and calculate the value of its potential 
in any given solution of barium ions. 


VII-T. POPOFF, RinoiE, WiRTH and Ouoii (J. Am. Chm. Sac., 1981, 
53, 1195) measured the e.m.f. of the cell, 

IH-H, I HCIO* I HCIO 4 Hg(C104)4 Hg,(C104)j | Pt, 

m ffl m, ffl, 

and gave values of the potential of the redox electrode with 
respect to a normal hydrogen electrode. 


m 

Wi — nii 

^;r(v.) 

m 

JRi = TO, 

En 


iiinl./litre 



TnoL/litre 


0-12 

0-006 

0-8356 

0-04 

0-006 

0-8360 


0-004 

0-8301 


0-004 

0-8325 


0-002 

0-8211 


0-002 

0-8283 


0-001 

0-8124 


0-001 

0-8148 


0-0005 

0-8033 


0-0005 

0-8058 

0-08 

0-006 

0-8362 

0-02 

0-001 

0-8150 


0-004 

0-8311 


0-005 

0-8063 


0002 0-8221 

0-0005 0-8042 

Calculate the standard redox potential of the mercuric, mercurous 
system. 


VII-B. 


Crockfoiu) and Farr (J. Am. Chem. Sac., 1986, 58, 87) 
measured the e.m.f.’s of ceDs of the type. 


(two phase) | PbClj, Ba(N 05 )] 

m, !>*■ 


AgCl I Ag. 

(sat.) 


m, OT, E (v.) 

iiiol./litTc mol./iitre 

0-01729 0-08575 0-51300 

0-01647 0-03421 0-51831 

0-01285 0-02564 0-52125 

0-01097 0-02279 0-52480 
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mi 

m, 

IS 

0*008227 

0*01709 

0*58828 

0*004112 

0*008540 

0*55416 

0*002056 

0*004720 

0*57640 

0*001028 

0002185 

0*59940 


Calculate the activity of FbCI, in these solutions, 

vn-«. Calculate the standard potential of the azide electrode at 25 °C. 
(cf. Stoiti', Tram. Faraday Soc., 1945, 41,^64) if the free energy 
of formation of gaseous HN, is JC = 78-5 k.cal.mn]e~^ and the 
dissociation constant of aqueous HN, is £’ = 2-8.10For the 
process of solution of HN, Stout gives the values AH = —17-S 
k.cal.mole"\ AS = —80 cal.deg."*mole“^. What would be the 
e.m.f. of a cell consisting a normal hydrogen electrode and a normal 
azide electrode at pressures of (a) 1 mm. of mercury and (b) 100 atm. ? 

VII-lo. Calculate the standard potential of the magnesium electrode 
(cf. Coates, J. Chem. Soc., 1945, 428) given the following data 
in joules per g.mol. 

Entropies: (25%.) Mg(c) 32*50; 

(joule deg.~^mole''^) Mg(OH),(c) 68*13 ; 

H2(g) 180*644; 

H,O(0 70*081. 

Standard heat contents: (25 °C.) 

MgO(c) —604,726; 

H,0(1) —285,795. 

The heat content change for the reaction, 

MgO + H,0-».Mg(OH),, 

AH = —40,741. 

The free heat content change in the reaction, 

H,O(0 = H+ + OH-, 

AG = 79,879. 

The solubility product of Mg(OH), is 8-58.10~^^ 
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CHAPTER VIII 

Vlll-i. Suggest a system suitable for the electrometric titration of 
O'Ol^ KBr with AgNOj. Plot the titration curve assuming that 
the system is ideal and the volume remains constant. 

(^t (AgBO = S ■ 10““). 

vill-a. The e.m.f. of the glass electrode cell, 

Ag AgCl IlCl glass HCl AgCl Ag, 

(sat.) lO"*™ 10“*m (aat.) 

is found to be 0-0605 v. at 25 "C. Calculate the asymmetry potential 
of the glass assuming that both solutions are within the region 
of the Debye-Huckel limiting law. 

vill-8. Glasstone (J. Chem. Soc., 1921, 119, 1914) found that the 
e.ni.f. of the cell, 

Pb I PbO NaOH H* | Pt, 

lAT 1 atm. 

was 0-247 v. at 25 °C. If the e.m.f. of a ceU composed of hydrogen 
and oxygen electrodes both at atmospheric pressure and at 25 °C. 
is 1-226 V. and the heat of di.ssociation of PbO is JH ~ 100,600 cal., 
calculate approximately the temperature at which PbO will be 
completely dissociated in the atmosphere. (Partial pressui-e of 0| 
in the atmosphere is 0-21 atm.) 

VIll-l. Wynne-Jones {Trans. Faraday Soc., 19S6, 32, 1997) measured 
the ionic product of OjO using the cell, 

H, I KCl i KCl j KCl I Hj 

m,Ha Sat. m,NaOU 


TOi = irti I 

(mole/litte) (ionic atrength 

in each compartineiit) 

r"C. 

E{y.) 

0-0057 0-1003 

15 

0-5990 


25 

0-5976 


85 

0-5968 

0-0049 0-0855 

15 

0-5921 


25 

0-5908 


35 

0-5900 
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fflj = Tllj 

I 

T 

E 

0-0024 

0-0422 

15 

0-5578 



25 

0-5554 



85 

0-5582 


Taking the dielectric constant of D|0 as approximately 0-986 
that of H,0 at the same temperature, calculate the ionic product 
and the heat of ionisation of D,0. 

viii-5. Waitkins and McCroskv (J. Am. Chem. Soe., 1646, 68, 1885) 
measured the e.m.f. at 25° of the cell, 

Ag I AgSeCN, KSeCN | KNO, j AgNO, | Ag. 


(gat.) 

m, Sat. 

m, 

mi 

mi 

K(v.) 

inol./litTe 

niol./litic 


0-0894 

0-1863 

0-7081 

0-0985 

0-0856 

0-7008 

0-0958 

0-8188 

0-7288 

0-0644 

0-1340 

0-6988 

Activity coefficients 

m 

moL/litTe 

AgNO, KI 

KBr 

0-005 

0-925 0-928 

0-927 

0-01 

0-897 0-904 

0-908 

0-02 

0-860 0-874 

0-879 

0-05 

0-793 0-823 

0-886 

0-1 

0-724 0-777 

0-790 

0-2 

0-640 0-727 

0-780 

0-5 

0-499 



Taking the activity coefficient of KSeCN as the mean of those of 
KBr and KI at the same concentration calculate the solubility 
product of AgSeCN. 

Viil-e. Febral, Ridgion and Riley (J. Chem. Soc., 1986, 1121) 
measured the e.m.f. of the cell, 

Zn I O-Olilf ZnSOi i O OliH ZnSO, + CH,NH,COONa | Zn . 
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in|. 10* 
inoL/lHie 

E{y.) 

nil. 10* 
moL/Utre 

E{y.: 

11-5 

0-018 

72-7 

0-225 

17-0 

0-042 

100-0 

0-246 

22-2 

0-094 

128-5 

0-258 

82-1 

0-158 

150-0 

0-267 

50-0 

0-197 

180-0 

0-276 


If the activity of O-OIM ZnSO( is 0-00688 find the simplest 
complex ion which appears to exist in the solution of ZnSO^ 
and NH|CH]COONa, and calculate the dissociation constant of 
this complex. 


Vlll-7. An iV/20 solution of 1 ; A-naphthoquinonc was titrated with Nj90 

TiClj, both solutions being N with respect to HCl and made 
up using 50% aqueous ethanol as solvent. 

The e.m.f. between a platinum elective in the solution being 
titrated and a calomel electrode was measured. The calomel 
electrode potential was found to be +0-2581 on the hydrogen 
scale in the solvent used. Calculate the formal redox potential 
of 1:4-naphthoquinonc. 


Vml E(v.) 

TiCI, wilution 
lidded 

0-25 0-2689 

0-75 0-2585 

1- 00 0-2575 

2- 00 0-2480 

8-0 0-2450 

4- 0 0-2411 

5- 0 0-2378 

6- 0 0-2850 

7- 0 0-2818 


Fml. £(v.) 

TiClg BcilutiuD 
lidded 

8-0 

0-2288 

9-0 

0-2255 

10-0 

0-2222 

11-0 

0-2190 

12-0 

0-2168 

18-0 

0-2120 

14-0 

0-2061 

14-5 

0-2009 

15-1 

0-1982 


Fml. E{v.) 

TiCIj aDlution 
added 

15- 5 0-1890 

16- 0 0-1819 

16- 5 0-1521 

17- 0 0-0888 

17- 5 —00496 

18- 0 -0-1680 

19- 0 -0-1880 

20- 0 -0-1948 


viii-8. 50 ml. of an aqueous solution of acetic acid were titrated with 
0.221iV NaOH at 19°C u.sing a cell consisting of aquinhydrone 
electrode and a normal calomel electrode. Calculate the thermo¬ 
dynamic dissociation constant of acetic acid. (The standard e.m.f. 
of the cell at the temperature of the experiment is 0-4206 v.). 
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ml. NaOH 

mlutian added 

E{v.) 

000 

0-2882 

10 

0-2012 

2'0 

0-1819 

80 

0-1696 

40 

0-1595 

50 

0-1491 

6-0 

0-1896 

7-0 

0-1284 

8-0 

0-1160 


ml. NaOH 

E(v.) 

9-0 

0-0981 

10-0 

0-0472 

10-2 

0-0088 

10-8 

-0-0420 

10-4 

—0 0648 

10-5 

—0-0777 

11-0 

—01034 

12-0 

—0-1272 


vni-o. Show that the dissociation constants of a dibasic acid arc re¬ 
lated by the equation, 


fli Lft 

N 


Nh 


K,K,; 


where fi, /| are the Deuye-Huckel activity coefficients for a 
univalent and a divalent ion respectively, the activity of an 
uncharged molecule being taken as equal to its concentration; 


L =t-t-au+-[01I-], 

M=--a-b — a„^ + [OE-], 

N=r2a~b~a, [OH-]; 

a is the initial total concentration of the acid and b is the con¬ 
centration of the cations of the base with which the solution is 
being titrated. 

Speaeman (J. Chm.Soc., 1940,855) titrated 40 cc. of O-DOOTOSm 
adipic acid with 0'0194m NaOH at 20 °C. and inea.surcd the pH 
of the solution during the titration. Calculate the dissociation 
constants of adipic acid using his measurements given below. 


ml. NaOH 

solution added 

pH 

ml. NaOH 

pH 

0-726 

4-82 

1-769 

4-99 

0-944 

4-47 

2-281 

5-85 

1-397 

4-76 

2-462 

5-48 

1-582 

4-88 
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VIIMO. Show that in a solution of MgCIj being titrated with Ba(OH)| 
solution, 

[MgOH+] = 2[Ba++] + [H+] - [OH-] - [HCO,-] - 2[CO,T. 

assuming that under the experimental conditions used no 
Mg(OH)i is formed. 

Stock and Davies {Trans. Faraday Sac., 1948, 44, B.56) 
titrated 854-4 g. of a solution containing 0-02959 g.moLMgCl, per 
1000 g. with a Ba(OH)| solution containing 0-04654 g.equiv. 
Ba(OH),/1000 g. at 25 °C. The specific conductivity of the water 
used for the MgClg solution was 0-65 .10~*ohm.~^;m.~^ (as¬ 
sumed all due to CO,). Calculate the second dissociation constant 
of Mg(OH),. 

g.Ba(OH), pH 
nlutioii added 

0-1155 8-06 

0-2110 8-40 

0-6215 8-95 

1-0080 9-24 

The dissociation constants of carbonic acid are 
fCi = 4-45.10-^ K, = 5-7.10-“, 
and appropriate ionic actirity coefficients may be obtained using 
the equation 

log / = — 0-5 s*( = — 0-20/ 

\l + |// 


CHAPTER IX 

K-i. Mnw.T.T.T.R {J, Phys. Chrtn., 1 946, 50, 242) studied the hydrolysis 
of the rare earth sulpliates. Calculate the hydrolysis constants 
for cerium and yttrium .sulphates as.suniing the reactions to be 

R+++-|-H,0 5±R0H+++ H+, 
or R+++-1-H,0 4±R0+ +2H+. 


Which mechanism appears more probable? 
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pH 


c (g.mol/0 

Ce 

Y 

0.100 

5.00 

8'88 

0075 

505 

8-49 

0.050 

5-15 

8-68 

0010 

5-65 

4-85 

0 005 

5-80 

5-00 


lx- 2 . Goldschmidt and Mathiesen (Z. pkysikal Chen., 1926, 119, 
489) give the following values of dissoeiation eonstants of posi¬ 
tively charged acids. Test equation (56) using this data and evaluate 
the intrinsic strength of these acids. 



Ethanol 

Methanol 

Water 

Aniline 

2 

. io-» 

1 

. 10-* 

2-4. 

10-8 

o-Toluidine 

2-5 

. io-« 

1-2 

.10-* 

4. 

10-8 

m-Toluidine 

1-3 

. io-« 

6-1 

.10-^ 

21. 

10-8 

p-Toluidinc 

5-4 

. io-« 

2-8 

.io-» 

6-9. 

10-8 

p-Chloraniline 

2-2, 

, io-» 

1-2 

. io-» 

1-2. 

10-8 

a-Ficoline 

2-9. 

,io-* 

5-7 

.10-’ 

2-6. 

10-8 

jS-Picoline 

1-3. 

.10-^ 

3 

. 10-’ 

1-2. 

10-8 

sym-Collidine 

91 . 

io-« 

1-9 

.10-8 

5. 

10-8 

Quinaldinc 

3-4. 

,10-* 

8-6 

.10-’ 

3. 

10-8 

Imidazole 

2. 

10-* 

7-3 

. io-» 

1. 

10-’ 

Pyridine 

1-9. 

10-* 

2-9, 

, 10-* 

5-7. 

10-8 


Use the pyridinium ion as a standard. 

(Ethanol, e = 23; Methanol, e = 31). 

lX-8. Mabi and Knight (J. Am. Chen. Soc., 1945,67,1558) measured 
the e.m.f. at 25 "C. of the cell, 

Pt, H, I HCl , AgCl I Ag . 

(1 atm.) in 20% ethylene glycol-water (Bat.) 

containing thymol blue indicator. The fraction of indicator in 
the basic form (x) was determined optically. 
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(cquiv./litte) 

£(v.) 

X 

0*00168 

0*54806 

0*075 

0*00658 

0*47409 

0*288 

0-02204 

0*41561 

0*482 

0*05949 

0*36774 

0*696 


Calculate the indicator constant and suggest the range in 
vrliich the indicator could be used in 20% ethylene glycol 
(constants for equation V— 51. A = 0*5701, B ■■= 8*418.10*, 
a = 4.10-«, C = 0*135). 


IX-4. What ratio would be expected from a simple statistical view¬ 
point between the first di-s-sociation constant of a symmetrical 
dibasic acid and the dissociation constant of its monocthyl e.ster? 


lX-5. Show that the buffer capacity of a weak acid of dissociation 
constant Kj at a concentration Cg with addition of a strong base 
(concentration in solution Cj,) is given by 


dCB 

dpH 


2*808 


(K,+ (H+J)* 


f[H*]+[OH-l 


Hence, evaluate the pH at which such a solution is the mo-st 
effective buffer. 

What does the above expression become if the acid is strong? 
In which regions does a strong acid solution act as an effective 
buffer? 


ix-o. If a weak acid (HA^) is dissociated to an extent a in a solution 
in which its concentration is nii, .show that its degree of dissocia¬ 
tion a' when a second acid of dissociation constant Kg is added, 
so that concentration of the second acid is m„ may be found from 
the relation 


f 

a —a 


1 + 




If a base is added to the solution so that its concentration is 
ffig and a fraction ip reacts with the first acid show that the ratio 
of the acid dissociation constants is given by 
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Kf 1 —tp (f?ii—M b?’) 

lX-7. Bbanch and Mtamato (J. Am. Chm. Soc., 1080, 52, 868) 
measured the pH at half neutralisation point of glycine and 
alanine titrated with 0-1^ acid and 0-lN base. The amino acids 
were initially in O-OOJl^ solution. 



Temp. 

pH (half equiv. 
of base added) 

pH (half equiv. 
of acid added) 

Glycine 

0“ 

10-315 

2-575 


20“ 

9-724 

2-587 

Alanine 

0“ 

10-464 

2-575 


20“ 

9-825 

2-587 


Calculate the protolytic equilibrium constants f(, and Ki and 
also the heat content changes for the corresponding reactions. 


IX-R. Owen (J. Am. Chm. Soc., 1984, 5$, 24) obtained values for 
the e.m.f. of the cell, 

I H| I Glycine, Glycine hydrochloride, AgCl | Ag, 

(1 Btm.) 


Pt 
at 20 T. 


lll)(lIlol./l.) 


m,(iiiol./].) 


m,. 10* 

£(v.) 

5126 

0-52185 

6449 

0-51376 

8488 

0-50450 

14107 

0-48890 

27022 

0-47048 

87740 

0-46203 


(aat.) 


= M801 

m, 


Values were also obtained for the e.m.f. of the cell, 

Pt I H| I Glycine, Sodium Glycinatc, NaCl, AgCl | Ag. 

(1 Btm.) iii,(iiiol./l.) iii|(nioL/L) ffl,(inol./l.) (ut) 


m,. 10* 

£(v.) 


4659 

0-98651 

^ = 1-0187 

5477 

0-98264 

8627 

0-92182 


28185 

0-89747 

— = 0-98487 

84488 

50907 

0-88779 

0-87880 
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Calculate the constants Ki and K| and compare with those 
obtained from the previous question. 

ix-e. Gane and Inoold (J. Chm. Soe., 1928, 1594) give the 
following values for the dissociation constants of dibasic neids 



fCi.lO* 

K^.iof 

Malonic 

1770 

4-87 

Succinic 

7-36 

4-50 

Glutaric 

4-60 

5*34 

Adipic 

8>90 

5-29 

Pimelic 

8-80 

4-87 

Suberic 

807 

4-71 

Azelaic 

2-82 

4-64 


Calculate the distance between the carboxyl groups in these 
acids. What types of structure does tliis suggest? What structure 
would be expected for )?-n-propyl glutaric acid if its dissociation 
constants arc fCi == 4-97.10~® , K 2 = 4-82.10~’ ? 

ix-io, Kobsiakoff and Hahkeh (J. Am. Cheni. Soc., 1938,60,2047) 
showed that the free heat content of ionization (JG) of an oxy- 
acid could be represented by 

JG=b) +firing+ C; 

no 

where C is a constant and — is a symmetry term, rig being the 

number of equivalent oxygen atoms not bonded to hydrogen in 
the acid ion and % the number of equivalent hydrogen atoms in 
the acid molecule. Show that te, the electrostatic work of transfer of 
the proton from the position in the acid (1) to a water molecule (2) is 



where fy is the distance of the proton from a point of the molecule 
hav in g “formal charge” gy (Nuclear charge—number of electrons). 
The ionisation constant of phosphoric acid is 10~*’^. Calculate 
the value of the constant C. Hence calculate the ionisation con¬ 
stant of H)AsO| and by calculation of ionisation constant of 
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germanic acid decide whether its structure is H|GcO, assuming 
a symmetrical planar distribution of Ge—0 bonds or is H^GcO^ 
with a tetrahedral structure. The experimental value for germanic 
acid is log K = —8-6. 

The H— distance is 2*70 A, the 0—H bond 
length is 0*95 A, and the X—0— H bond angle is llO”, The 
X—0 bond length is 1*53 A for P, 1*66 A for As, and 1*59 A 
for Ge. The dielectric constant in the neighbourhood of the ion 
may be taken as 3*0 (following Debye, Folar Molecules, 1929). 


CHAPTER X 

X-i. The variation of the interfacial tension of the interface 
Hg| N KCl — HjO uith potential was measured using a drop 
weight method (Paksoxs, unpublished). Calculate the capacity 
of the electrode double layer, in the potential range given, by 
graphical differentiation. 


V(H0 ('■■) 

y (dyne/cm.) 


y(dync/cni.) 

+0*242 

867-4 

—0-540 

412-0 

+0150 

387-0 

-0-640 

402-0 

+0-062 

402*0 

-0-740 

890-7 

—0040 

414-7 

-0-845 

376-7 

—0*150 

422-4 

-0-945 

362*0 

—0*205 

424-0 

—0-995 

344-0 

-0-278 

424-9 

—1-140 

325*2 

—-0*350 

423-0 

-1-255 

801*8 

—0*440 

418*5 




X-2, If y„ y, and yg arc the interfacial tensions of a mercury- 
solution interface when the applied potential difference is Jy) — a, 
dy) and Jv* + a re-spcctivcly, show that, approximately, 

^ _ yi-hrs—2ri 

a* 

Comment on the validity of this expression and check it by 
recalculating the capacity of the system in Question 1 by 
means of it. Calculate the capacity of a mercury electrode in pure 
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N KNO, solution and in the same solution which has been made 
3f/10 with respect to tertiary amyl alcohol using; the data of 
Gouy {Ann. Chim. Phys., 1906, (6), S, 291) given. 

Compare the ratio of the capacities at 1-2 v. with that of the 
dielectric constants of water (78) and amyl alcohol (16). To what 
conclusion does thi.s lead? 


Jv(v.) 

y KNO, 

y KNOi-t-AmOH 

^v(v-) ysNo. 

y'xirOi-l-AinOH 

0-8 

860-8 

860-8 

1-1 

979-1 

932-9 

0-4 

897-4 

896-5 

1-2 

964-2 

925-1 

0-5 

927-2 

926-2 

1-3 

944-2 

916-6 

0-6 

951-6 

949-6 

1-4 

919-7 

905-5 

0-7 

970-6 

952-8 

1-5 

891-2 

887-2 

0-8 

088-4 

949-4 

1-6 

858-8 

857-2 

0-9 

989-4 

944-8 

1-7 

822-6 

822-1 

1-0 

988-0 

939-3 

1-8 

782-7 

782-0 

Note: The y' 

of Gouy is in units relative to the Ilg 

—pure water 


inlerfacial tension which is taken as 1000 units. The interfacial 
tension of the Hg—^purc water interface is 426'7 dyncs/cm. 

X-:i. Mercury is allowed to stream into a N KCl .solution. The stable 
length of the Hg strenin is 0*60 cm. and its diameter is 0'U144 cm. 
The rate of transfer of mercurj' is 0-0553 cm.*scc.~^. The electrode 
requires a current of 1-07.10"* amps to maintain it at a potential 
of —0-586 A', with respect to a normal liydrogen electrode. No 
current is required to keep it at a potential of —0-280 v. 

Calculate the electrode capacity. 


X-4. Check the relation C = const. + - p- In , by calculating 

the V] values for an electrode potential of —0-5 v. in 0-001, 
0-01 and 0-lN HCl at 25 “C. using the Steun equation, assuming 
that .spccifie adsorption is negligible (e in the diffuse double layer 
— 40, C = 20/iF/cm.* and (5 = 3-10“® A). 

X-5. A mercury electrode is polarised at a con.stant c.d. of 8 .10”* 
amp.cm."* in pure 2V/100 aqueous HCl. The potential of this 
electrode is —1-008 v. with respect to a normal calomel electrode 
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(liquid junction potentials being suppressed). When the solution 
is made 10~*JV vith respect to lanthanum chloride the potential 
becomes —1-010 v., and nrhen it is made 10~^jyr with respect to 
LaCl, the potential becomes —^1-066 v. Levina and Sabinskt 
(Acta Physicochim., V.R.S.S., 1987, 7, 485) suggested that this 
change nns due to an alteration in the structure of the double 
layer, and was equal, and opposite in sign, to the change in the 

potential. Test this hypothesis by calculating the ^ potential 
for an Hg electrode under the above conditions using Steen’s 
theory, neglecting specific adsorption potentials. (The "absolute” 
potential of the normal calomel electrode is +0-500 v.) 

X-e. The adsorption of a capillary active substance at a mercury 
electrode causes a lowering of the mercury-solution interfacial 
tension. Using the data given in Question 2 plot the decrease 
of interfacial tension, due to the presence of amyl alcohol, against 
potential (an adsorption curve). 

By considering the energy of a dipole in an electric field, show 
that the surface tension lowering may be represented by 

or 

assuming that the surface tension lowering caused by a com¬ 
ponent is proportional to the surface excess of that component, 
and that the field strength near the electrode surface is pro¬ 
portional to the potential of tlie electrode. 

Obtain values of the parameters the maximum .surface 

tension lowering, the potential at which this occurs, and 
the constant a, for M/10 ferf.-amyl alcohol in N KNOj. 


X-7. It has been suggested that the C potential measured by electro- 

/ iuiTjuX 

phoresis k, = —~ 1 1 differs from that calculated from electro¬ 
osmosis experiments | u is the linear velocity 

through the plug in a closed system type of experiment). This 
hypothesis can be tested using a substance such as octadecyl 
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alcohol, which may be prapated both in the form of r/illnidul 
particles, and in the form of a porous plug. 

The following results were obtained in an experiment of this 
type: 

pH tt (cm./sec.) t (sec.) 

2 8-89.10-* 590 

4 4-67.10-* 358 

6 0-17.10-* 144 

8 202.10-’ 90-5 

10 2-52. l0-» 84‘7 

(u is the velocity of transference through a plug of octadecyl alcohol 
having qjl = 0-0917 cm. The potential difference between the 
electrodes on either .side of the plug was maintained at 100 v. t is 
the mean time required for a particle of octadecyl alcohol to move 
1 mm. along a uniform tube containing electrodes 2-86 cm. apart, 
the potential difference across the electrodes being 10 v.). 

Test the above hypothesis by calculating the ratio C,/C|- 


X-B. Show that the potential difference between two electrodes, area 
A, one I cm. above the other, in a medium of density q, viscosity 
tj, and of conductance x, in which n spherical particles, radius r, 
dcn.sity g', and surface charge density g, arc falling under the 
influence of gravity is 


8 ji r* n g g I (p'—g) 
Ax 


X-9. The osmotic pressure of a protein solution inside a membrane 
in contact with an ionic solution may be written as 

An = An^ + An ^, 

where d^i^is the osmotic pressure due to the ions inside the mem¬ 
brane and An^ is that due to the protein. 


Show that 




where c, is the protein concentration, and its activity, is 
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the mean valency of the protein, and u = where dy,„iRthe 

membrane potential. Calculate from the measurements of 
Adair {Proc. Roy. Soc., 1929, 126, 16) for haemoglobin (valency 
8<5) at 0°C. 


(mols/litre) 

(millivolts) 

zl7[(mm./Hg) (observed 
osmotic pressure) 

0-000108 

— 0*02 

1*9 

0*000555 

— 0*10 

11*2 

0001320 

-0*28 

28*8 

0*00357 

— 0*75 

103*6 

0*00498 

— 1*10 

179*0 


X-io. Rutgers {Trans, Faraday Soc,, 1940, 36, 69) pointed out 
that if the surface conductance of a capillary used in streaming 
potential measurements is the measured C potential calculated 
from equation (53) (CJ is not the true ^-potential (C). 


Show that 



where Xq is the conductance of the liquid and is the radius 
of the tube. Hence show tliat the tnie C potential may be calcu¬ 
lated from measurements using capillaries of different radii (r^ 
and r|). Calculate the true C potential in solutions of KCl from the 
data of Rutgers who used glass capillaries radius = 0*011 cm., 
f, = 0*089 cm. 


' (mol./{.) 

Xp ohm “'em.-* 

(mv.) 

f,(mv.) 

2 

10*5.10-’ 

—75 

—148 

6 

16*3.10-’ 

—85 

—139 

20 

85*2.10-’ 

—91 

—184 

40 

57*5.10-» 

—94 

—127 

80 

185.10-» 

—95 

—121 


Calculate also the surface conductance of the capillaries. 
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CHAPTER XI 


Xl-i. The hydrogen overpotcntial nt a mercury cathode in 50% 
aqueous methyl alcohol made NjlO with respect to HCl was 
measured by Bocxais and Parsons {Trans. Faraday Soc., 
1040, 45, 916) whose measurements arc given below. 


amp.cm."* 

ij volt 

io-< 

-0-665 

8.10-* 

—0-716 

10 

—0-791 

s.io-* 

—0-884 

10-* 

-0-893 

3.10-* 

—0-987 

10-® 

—0-988 

3.10-» 

-1-081 

10-* 

-1-089 

3.10-* 

--1-122 


Calculate tlie Tai<R]. constants a and b and ll)e exchange current 
in this system. 

xi- 2 . Machu (Korrosion und MctaJlsehiitz, 1937,13,1) has suggested 
that the change in overpotcntial at an iron cathode due to the 
addition of a corrosion inhibitor is caused by a decrease in the 
concentration of the depositing ion caused by the presence of 
the inhibitor. Bockris and Conway (J. Fhys. and Colloid Chm., 
1949, 53, 527) obsen'cd that at 10“® ainp.cm.-* the hydrogen 
overpotcntial on iron was 0.35 v. while on the addition of 10~' 
mol./l. of acridine it rose to 1*57 v. How does this result agree 
with the theory of Macuu? 

XI-8. The hydrogen overpotential at a dropping mercury electrode 
at 2.10~* amp.cm.~® in AT/lOO aqueous HCl was found to be 
0‘05 V. higher than that expeeted, from extrapolation of results 
at lower current densities, after correction for potential drop in 
the solution (Parsons, Thesis, London, 1948). Can this result be 
accounted for by concentration polarisation? (Diffusion coefficient 
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of H'*' = 9*84.10~*; drop time of electrode 1-86 secs; rate of 
mercury flow 7*8 mg./sec.; Transport number of H'*’ = 0>84.) 

XI-4. Show that the time required to reach a system of weight 
fraction of bismuth (;) in the electrolysis of g. of BiCl| is 

aAJ{l + {c-l)q} 

where F is the Faraday, a is the current efficiency, I is the 
current passed through the ceil, is the atomic weight of Bi 
and c is the ratio of the molecular weight of BiClj to the atomic 
weight of Bi. 

It is known that in the system Bi—^BiCl, the liquid splits 
into two phases at 850° when the weight fraction of bismuth is 
greater than 29%, 100 g. of BiCl, were electrolysed with a current 
of 2 amps. The liquid remained homogeneous for 8-32 hours. 
Calculate the mean current efficiency during this time. 

Xi-s. The following values were obtained by Bockris and Parsons 
{Trans. Faraday Soe., 1949, 45, 916) for the overpoteiitial at 
a mercury cathode in NjlO HCl solution in pure methanol. Calcu¬ 
late the mean heat of activation of the electrode process at 
the reversible potential. 


c.d. 


n 

volts at T 

"C. 


(amp.cm.”*) 

1-9 “C. 

12-3 "C. 

20-5 "C. 

80-4 "C. 

89-5'C. 

io-» 

—0-737 

-0-G91 

—0-676 

—0-650 

—0-688 

3.10-® 

-0-798 

-0-759 

-0-789 

—0-710 

—0-689 

10-* 

—0-842 

-0-818 

-0-797 

—0-768 

—0-746 

8.10-^ 

—0-890 

—0-872 

—0-840 

-0-817 

-0-800 

io-» 

—0-944 

-0-928 

—0-891 

—0-864 

-0-852 


Xi-«. Hickung and Salt (Trans. Faraday Soc., 1942, 38, 474) have 
suggested that hydrogen overpotential is caused by the presence 
of atomic hydrogen gas, the electrode acting effectively as an 
atomic hydrogen electrode. If the free heat content change for the 
reaction, 2H->-H„ dG = —91,460 cal.mole~^ calculate the pressure 
of atomic hydrogen which would cause an overpotential of 1*04 v. 
Assuming that the atoms occupy a layer of solution 100 A thick 
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calculate the numbci present per cm*. Calculate the velocity of 
the atoms required to give the calculated apparent concentration 
if the current density required for an overpotential of 1'04 v. is 
10 ~* amp.cm.~* (e.g. Eg cathode). 

XI-7. If the solution adjacent to a mercury cathode evolving hydrogen 

is made 6.10~* molar eith respect to arsenic oxide the variation 
of cathode potential nith current density is as follows (Bockris 
and Parsomb unpublished). 


(amp.cm.“*) 

fa, (volts) 

io-« 

-014 

a.io-« 

-016 

10 -* 

— 0-22 

8 . 10 -® 

-0*85 

10 -^ 

-0-38 

8 . 10 -* 

—0-41 

10 -* 

—0-70 

8 . 10 -* 

—108 

10 -* 

—Ml 


yoU. Czech. Chm. Comm., 192! 

that the half-wave potential of the reactions As'*"'"'' -► As and 
As -*■ ASH 3 were — 0-20 v. and —0-44 v. in JV/lO HCl, Compare 
these results by plotting the experimental and calculated F—log t 
curves. (Diffiision coefficient of As"'"*"'' may be taken as 10 
cm.*scc.~*. Assume the experimental value for the first limiting 
current.) 

Xl-8. Show that if deposition continues at a rate corresponding to 
the potential of the electrode the decay of overpotential after the 
external circuit has been interrupted is given approximately by 

where i is the time elapsed after interrupting the circuit, \ is the 
exchange current and C the capacity of the electrode double 
layer. Butler and Armstrong (Trans. Faraday Sac., 1988, 89, 
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1261) obtained the foUo^g results for a mercury electrode in 
aqueous acid solution. 

t (secs) ea, 

10 —0-560 

20 —0-525 

80 -0-505 

50 -0-479 

75 —0-458 

100 —0-450 

150 -0-480 

200 —0-415 

Test the derived relation and evaluate C if tg ~ 10 ~^‘ amp,cm. 

Xl-s. The rate of increase of thickness of a corrosion film, e.g, an 
oxide film, due to the passage of ions through the continuous 
lattice of the film would be expected to follow the law 

dy _ k 

where y is the thickness and A; is a constant. 

As.suming that the film consists of an electronic and an elec¬ 
trolytic conductor in series and that its total specific conduct¬ 
ance is X (the transport numbers of the electrons, cations and 
anions being n,, and n, respectively) show that the constant 
k is given by 

lf*n,(n,-|-n,)JG 

zeP 

where W is the equivalent weight, g the density and JG the free 
energy of formation of the film sub.stance; z is the valency of the 
corroding metal and F is the Faraday. 

XI-io. Assuming that the equivalent conductance (A) of a 1 :1 electro¬ 
lyte is constant with concentration show that the potential differ¬ 
ence across the diffusion layer due to its resistance is 
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where D is the diffusion coefficient of the ion being, deposited, 
n_ is the transport number of the other ion and is the limitiiig 
current. 


CHAPTER XII 


xn-i. Plot the saturation current density in amp.cm.~* in the range 
1800° to 2400°K. fur a tungsten electrode emitting electrons. 
(The coefficient A in the Richardson equation can be shown 
II I 1 Sne.mA:* , , 

quantally to be equal to —are the charge and mass 


of the electron, k is Rult/.mann'’s constant and h Pianck’s 
constant. The electronic work function for TV is 4-52 e.v.). 


XlI- 2 . Calculate the number of positive ions formed when 1 g.mol. of 
caesium is heated from 1500 °K. at atmospheric pressure to 1600 °K. 
at a yncssure of 100 cm. of mercury (electronic work function 
for Cs = 3.86 e.v.). 


XII-^. The field strength at a point between two long coaxial cylin¬ 
drical clcctrcKles, across which the p.d. is Jy), is given by 

1 ^ ’ 
r In 7 

0 


W'here b is the radius uf the larger and a that of the smaller 
electriHlo, and r is the distance of the point from the axis. Show 
that in Zeleny’s method of measuring the mobihty of gas ions 
(Chapter XIII, p. 575) the mobility can be obtained from the 
expression, 

Qln-- 

^_« . 

” 27tA^4 

(Q is the volume of gas passed through the tube in unit time). 
Hydrogen is streamed at 161 cm .‘sec. down a tube with the 
inncj electrode 0-92 cm. radius and the outer electrode B-Sl cm. 
radius. The distance (i) between the plane in which the gas is 
ionised and the division of the inner electrode is 2’34 cm. The 
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critical potential is found to be lO'O volts. Calculate the mobility 
of the ions in cm.sec.'^volf‘cm."*. 


xn-4. It can be shown that the velocity of diffusion (v) of ions in the 
X direction in the absence of an electric field is related to its 
diffusion coefficient D and the partial pressure of the ions P by 


dP 


Show that the mobility of the ions in an electric field is 

PI 

^-RT 


where F is the Faraday. Calculate the mobility of a proton under 
unit potential padient at 25 °C. if the diffusion coefficient is 
1-8 cm.*/sec. Suggest why this result differs from the experi¬ 
mental quantity of Question 8 . 


Xll-a. Under certain conditions 84 pairs of ions are generated per 
cc. per sec. in air. If the coefficient of recombination is 8400ei (ci is 
the electronic charge in e.s.u.) how many positive ions will be pre¬ 
sent in a cubic centimetre of air? What will be the specific con¬ 
ductance of the air if the mobility of both positive and negative 
ions is 1'6 cm.sec.‘*volt."^cm.“’? 


Xll-a. Show that the velocity of an ion, of charge e, at a time (, between 

two parallel plates across which is a potential difference Aip is 

Avet 

V = — T , if d is the distance between the plates and the 
rn a 

ion starts with zero velocity from the plate having a charge of 
the same sign as that of the ion. 

Calculate the velocity of a proton on arrival at the second plate 
ifthe plate separation is 10 cm. and the potential difference across 
the plates is 1000 volts. How long does the proton take to cross 
from one plate to the other and how much energy does it deliver 
to the second plate? 


xn-7. If the ion in Question 6 starts from one plate with an initial 
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velocity (v,) perpendicular to the plane of the plate, vhat is the 
condition that the ion will reach the opposite plate if the field 
is opposing its motion? An electron is released at an electrode with 
kinetic energy of 10 ~* ergs travclliiig towards an electrode 400 v. 
negative with respect to the first. Which electrode will it reach 
and what happens to its original energy? 

Xii-8. An a-particle having a velocity of 2' 50.10’ cm.sec. is released 
at an electrode and travels towards a second electrode 4 cm. from 
the first and 600 v. positive witli respect to it. At a distance of 
1*85 cm. from the first electrode the a particle hits a nitrogen 
molecule, ionises it and sends it in the same direction as the 
a particle was travelling, at a velocity of 1*99. 10 * cm.sec. At what 
time docs this occur? Wliicb electrode does the a particle reach, 
and how long after its departure from the first electrode does 
this occur? (Assume that the electron ejected from the N} molecule 
has no kinetic energy. Ionisation energy of Nj is 15-7 e.v.) 


Xll-B. It can be shown on .statistical mechanical grounds that the 
entropy of a monatomic gas is given by 

S = N,k ln(j^.(27rmkT)'/') + | 


V is the volume of 1 g.rool., m is the mass of the atom, k is 
Boltzmann’s constant, Avogadro’s number, h Planck’s con¬ 
stant and T the absolute temperature. 

Show that the equilibrium constant for the ionisation of a 
metal vapour may be written 


ln*,=-^+Tto3’ + I + l»(' 


I* 


where P is the ionisation potential and m is the electronic mass. 


Xii-io. Show that the relative numbers of atoms of Cs, Rb, K, Na, Li 
required to give equal conductances in a flame at 2000 "C. are 
approximately 1,4‘8,18'2,1880,5781. Assume that the ionisation 
potentials are Cs, 8-87 e.v.; Rb, 4-15 e.v.; K, 4-82 e.v.j Na, 
5'11 e.v. and Li 5*86 e.v. 
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CHAPTER I 

i-j. nH+ = 0-838. 

1 - 2 . CeU constant = 8-486 cm.“^ 

^B«cii ” 119-1 mho. 

1 -3. = 7-130.10“* mho cm.~i 

1-4. fjci- = 0-0837. 

1-3. For a Daniell c(!ll E — 1-05 v. 

(a) Since no current flows through the measuring circuit a scries 
resistance has no effect on the balance point. 

(b) Length of wire required is 48-93 cm. 

l-«. = 0-532. 

1-7. The hydrogen coulometer gives a residt 0-95% low in com¬ 
parison with the iodine coulometer. 

1 - 8 . Current is 0-210 amp. which is in good agreement with the 
value calculated from the measurements with the iodine coulo¬ 
meter. 

I-D. Energy due to surface ten.sion forces == (area) x (surface tension) 


= 4 71 r* y 



Energy due to potential 
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I-IO. 


Therefore excess energy of hydrogen bubble over bulk hydrogen 
at the same pressure, 

r = 4»r»y+ 4^. 
dV 

For equiUbrium — = 0, 
dr 

and E = iynty ■ 

From < = 0 to (= (' the horizontal component of the force 

4 7C 0 c 

on the ion is ——, if e is the ionic charge. 

1 + m ’ ® 

4 31 Of e (1‘)* 

Distance travelled is * = 4 —-tti? 


of the ion. 

Distance to go = d - 


(ni + l)M 


2nae (<')* 
(m + l)Jtf ‘ 


As the field is switched on the gas pressure becomes 

(Maxwell-Boltzhann distribution) 


where 


p = p, ap.[-—] (p, = latm.), 

V, = -\ Fedh. 

j 00 


Hence the horizontal component of the force on the ion becomes 

^nae 

l+m.exp.[-]§] 

2nGe{fy ^naeV 2nae{T-~ty 

Solving for the total time r, 


T = 


where 
A = 


4nae 


A±B 

c • 

4n aet* 


. exp. j 
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B* = 

471 a e 

4 7t(ref 


(m + 1)M 

Af 11 + m. exp. 

m 



Bnue 1 

2ntre(VY 

2jtae {Vy 


Jlf|l +OT.eip. 

[_£•] 

) 

(ffl+l)^ M\ 

1 + m.exp. 

krj 

). 


4 n (re 


CHAPTER II 

ll-i. Heat required is 47-78 k.cal. 

Entropy change is 55-45 cal.degr^mole"^. 

U-a. This graphical integration may be most, readily accomplished 
by cutting out the graph and weighing it (although this method 
is approximate owing to the non-uniformity of the paper). 

Sggg = 62-89 cal.dcgr^molo"'. 
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IM. 


II-5. 


11 - 6 . 


(il; 


V—b , Sa 8ahP 


b + 


RT* IPT* ■ 
2a 8abP\ 
2PT* • 


2o„ 8aP 
Tj = 12"K. or 2056 “K. 


S^ = S^ + Rlu^, 
or S = — R In P. 

Entropy of mixing, 

AS=^Sj^j^ b) 

^a('^o(a) ^li (‘^•( 11 ) PlnP); 

”a» ”b = number of moles of A and B respectively and Pj^, P,, 
are the partial pressures which are given by Pj^ = N^P and 
Pj = iVjjP, where N/^, arc mole fractions. 

AS = —n^PlnAr;j—njjPlnJV^, 
which is the entropy change for + Wj, moles. 

For one mole AS = — R (Nj^ In + JVj, In Ng), 

or in general AS = —R S JVj In A", . 

Red PbO, 

AG=^— 68,221 + 0 07 T In T — 0-488,10“® . T* + 86-64 , P* 

+ 21-57 T. 

YcUow PbO, 

AG = ~ 52,821 -f 0.07 T In P — 0-488.10-*. P* + 85-64 . P* 

+ 20-56 P. 

For the transition from the yellow to the red modification 
AG = —400 + 1-01 P. 

The transition temperature is thus 896 °K. 

The red oxide is stable at room temperature. 

C—H — 87-25 k.cal. 

C—C — 55.54 k.cBl. 

C=C — 98-84 k.cal. 

Heat of formation of benzene from bond energies = 971-6 k.cal, 
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and from combustion data = 1004-5 k.cal. The difference of 88 
k,cal. is due to the stabilisation of the molecule by resonance. 


II-7. The most satisfactory method is to plot kilogram molality 
against volume containing 1000 g. of solvent. The slope of the 
curve then gives the partial molar volume of the solute. 


n 

0-2 m 
1 m 
8 m 
5 m 


80 cc. 
50 cc. 


n-8. This is the Gibbs adsorption equation. For derivation see 
e.g., Adam, The Physics and Chemistry of Surfaces, Oxford, 
1044, Chapter III. 

^ /dq\ i I SS\ 1/5S\ idF\ 

IM. Cp = j gy = y | = y l^y . 

According to Maxwell’s equations. 
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ll-io. The thermopile may be considered as a Carnot reversible engine. 
O'l 

Thus of the incoming radiation (5*2.10* erg/sec.) is con¬ 
verted into useful work. 

The maximum power available is 1*78.10~* watts. 


CHAPTER III 

Ill-i. CsF, Uo = —1711 k.cal 
C.sCl, 17„ =—146-8 k.cal 
CsBr, U, = — 141 k.cal 
Csl, IT, = —134 k.cal 

III-2. CsF, V = —173-6 k.cal 
CsCl, [/=-151-5 k.cal 
CsBr, U -145-8 k.cal 
Csl, U = —138-6 k.cal 

IIM. CsF (1!+ + Q_ = -179-9 k.cal. 

CsCl -|-Q_ = -Ul-6k.cal. 

CsBr -f Q_ — —184-8 k.cal. 

CsT 4 = —125-6 k.cal. 

For Cs, Q+ = — 93-8 k.cal., which can be combined with 
the values for anions given in the text to compare with the solva¬ 
tion energies evaluated above. 

100 P 

III-*. The percentage error is given by cos* ^, or 0-97%. 

9? = 0°, f = 2-5 A . 

= 45”, r = 1-75 A . 

= 60”, r = 1-25 A . 

y = 90”, r = 0. 

Following the method used in the text, (p. 106) 

r f + lcos^i r—Icos 9 »’ 

_ 2ce,Pcos*9! 
r(r*—I*cos*p) ■ 


m-s. 
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Approximately 


U = - 


2ee,l*cos*ip 


i’hci “ (’’co ,)• 

III-6. The potential at a point due to a dipole is, 

/icosO 

The field at this point may be found as the resultant of the 
field along the r direction and the direction perpendicular to it. 

„ „ dw d i fi cos fl\ 

)• 

2/ACOS0 

r* 


Perpendicular to r, jg » 


Resultant field, 


*=|/r- 

-0 


H sin 0 

' 


2 /u cos 0\* ^ //t sin 0 


= ^ |/8cos*0 + l . 

Field inducing dipole 2 due to dipole 1, 

’'i-s = ^|/8cos*0i+l; 

and energy J a*|^ |/8cos*0i+l | . 

Similarly for energy of dipole 2 interacting with induced dipole 1 
Total energy of interaction, 

= — i ( Of/ii (8 cos* 01 +1) + a,/< 2 * (* cos* ®1 +1) 1 • 


Averaging over all directions for random rotation /i|* and /(,* 
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become the mean values and and the average value of 
cos* 0 over all. angles in space is f 

Thus. V - 

or if the dipoles are identical 


III-7. The interaction energy between two non polar atoms may be 
considered to be due to the induced dipole moments when the 
atoms arc close together. (The polarisability can be put approxi¬ 
mately equal to r,* if r, is the atomic radius, c/. Rice, Ekdronie 
Structure and Chemical Binding, Mc-Graw Hill, 1940.) 

The dipole may very approximately be assumed to be due 
to the outermost electron and the resultant positive charge of 
the nucleus together with the remaining electrons. Its moment 
will thus be approximately e r,. 

. rT._ ^0* 


The energy of the outermost electron is — — , approximately, 

2fo 

if the atom is hydrogen-like, and this is the energy —I, where I is 
the ionisation energy. 


U 


4 or,*/ 

r* 

4a*/ 


This is of course a very rough formula and gives only an order 
result. 

For neon U = 0*52 k.cal. 

The experimental value corrected to O'K. is 0-59 k.cal. 


Ill-B. For a monatomic gas the Sackur Tetrode equation is 
S — 4*576 ( Y logip Af -j- Y logig T — logig P — 0*5055) ■ 
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M is the molecular weight in atomic weight units, 
T the absolute temperature, 

P the pressure in atmospheres. 


Entropy of gas ions at 25 °C. at concentration 1 mol/litre. 

H+ 

lB-7 cal.dcg."‘g.ion"^ 

Na+ 

290 

Rb+ 

82-9 

F- 

28-5 

ci- 

80-8 

I- 

84-1 

Entropy defect = experimental entropy — calculated without 
allowance for solvation. 

H+ 

28-8 cal.deg.'^g.ion"^. 

Na+ 

19-6 

Rb+ 

13-5 

F- 

80-9 

ci- 

12-0 

I- 

4-0 


Entropy change during solidification of 1 mol water at 25 °C. 
is —6-05 caLdeg,"^. 

Hence, solvation numbers arc 


H+ 

8-8 

Na+ 

8-2 

Rb+ 

2-2 

F- 

5-1 

ci- 

20 

I- 

0-0 


ni-s. If a is the incompressible fraction of the solvent 

In a solution of g grams solute in 100 grams solution there are 
100 — g grams solvent. 

amount of the solvent in 100 g. solution which is incompres¬ 
sible is |l — (100 — g). 
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Amount of incompressible water per gram of solute is 


h = 




g 




^ Solvation number 

s. 


g 

at infinite dilution 

NaCl 

1-0 

2-86 

7-66 




5-81 

2-07 

6-74 


Approx. 8 


21-25 

1-88 

4-48 



Nal 

1-32 

0-821 

6-79 




8-19 

0-729 

6-52 


Approx. 7 


18-78 

0-687 

5-68 




III-IO. 


Radius of ion = 


^0 

800 


^ QDkT (l-\-]/o.5) 


Q^u^r| + 


800 


e 

Radius of ion 

Vol. of water 
attached to 

Solvation 

nuraber 



1 g.ion 

0 

2-86.10"* cm. 

82-6 cc. 

8-6 

0-01 

2-84.10-» cm. 

81-8 cc. 

8-5 

0-02 

2-81.10“* cm. 

81-0 cc. 

8-4 

0-08 

2-28.10-* cm. 

27-0 cc. 

8-0 

0-10 

2-18.10-* cm. 

28-8 cc. 

2-6 


CHAPTER IV 


IV-i. O OlM, a = 0-915. 
0-05Jlf, a = 0-688. 
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IV-2. C. 10* jr. 10* 

MeOH: 0-9662 6-S 

1- 8148 6-4 

8- 0758 6-7 Mean K = 0-6. 10-*. 

4-7296 6-75 

6-5885 6-85 

9- 1630 7-0 

A^.IO* 

EtOH; 1-0888 9-35 

2 - 2022 10-1 

8-8952 10-4 Mean K = 1-05.10-». 

6-0849 10-8 

8-5763 11-1 

11-4924 11-3 

iv-a. Mean value, K = 5-02.10“*. 

IV-*. c /, 

2-0 0-684 

50 0-748 

10-0 0-862 

15-0 0-948 

22-50 1-087. 

iv-s. From the given equation, 

logn F = logio P — 5-887.10-* P 5-598 . lO"* P*. 
Hence, activity of solvent, Oi = P/Pp - 


p 

P 


285-8 

228-2 

0-8891 

378-8 

854-7 

0-5270 

489-1 

456-8 

0-6779 

648-8 

586-8 

0-8719 

692-0 

626-1 

0-9808 

718-6 

648-5 

0-9562 

726-5 

658-5 

0-9715 



IV-0. 


IV-T. 


P 

788- 4 
786-0 

789- 2 
742-0 

744- 0 

745- 1 
750-6 

0 - 

0-1024 

0-2025 

0-6006 

1-0289 

1-5894 

Mq = 0-01945. 

%rao, 

0-03075 

0-09232 

0-2039 

0-4112 

0-8179 

vIq = 0-01938. 

0 

0-0006 

0-0010 

0-0020 

0-0080 

0-0050 

^KiCs(cir), 

0-0010 

0-0020 

0-0050 


CHAPTER IT 


F 

Ol 

659-4 

0-9797 

661-9 

0-9885 

664-0 

0-9866 

666-2 

0-9899 

667-8 

0-9928 

668-7 

0-0986 

678-0 

1-000 

/ 

A*) 

0-02248 

0-866 

0-1280 

0-760 

0-2297 

0-715 

0-6400 

0-640 

1-061 

0-608 

1-572 

0-589 

I 

/(m) 

0-05472 

0-809 

0-1180 

0-754 

0-2320 

0-689 

0-4417 

0-686 

0-8514 

0-578 


I 

At) 

0-000464 

0-951 

0-001884 

0-909 

0-001992 

0-895 

0-003515 

0-854 

0-005083 

0-826 

0-008063 

0-781 

/ 

A«) 

0-002490 

0-889 

0-004158 

0-849 

0-010570 

0-777 
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IV-8. Variation of activity of a solid close to its melting point is 
given by 

dna, dH, 


Also, 


dT 


RT. 


AH, = AHe-dCpAT, 


where AHs is the heat of solidification at the melting point, 
AT is the difference of the temperature from the melting point, 
and ACp is the difference of the heat capacities of the sobd and 
liquid state. 


dln«. = ^ M, + t~‘~AC,UT + 


For water d(ln a,) = (-<)-009696 —1-03.10-« AT) d{AT). 

At the fireezing point the activity of the solid solvent is equal 
to that of the liquid solvent (oj); 


and 


flinfl2 = ——dlnai 
•"2 


dlnaj = 


djAT) 

l'858m. 


+ OOOOS7 


ATd{AT) 


m. 


or for an electrolyte, 


(Ana, = 


d(AT) 


+ 000057 


ATd{AT) 


l‘B58m, 

Introducing j this equation becomes, 


vm, 


0. AT 

(An — =—f(An wi,— dj + 0-00057— d{AT), 
TO, ' * ^ vm, ' ' 

which is the differential form of the required equation. 


m, Bg/m, 

0-1 0-802 

0-5 0-665 

1-0 0-610 

1-5 0-579 


These results differ slightly from those given by Jones and Bury 
who integrated by the alternative method of Randall (J. Am. 
Chm. Soc., 1026, 48, 2512). 
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IV-D. 


IV-10. 


Under conditions of equal vapour pressure the solvent activities 
(a,) is the same in both solutions. 

„ m, „ m, „ 
din a = — din Oi = — dm a.. 

■ m, ^ m, * 

dm, + Ml (fln = dm, + m, (fln . 


or 


din /(-), = din /(„. + din -| + (-1 j din m,, 


m 

/ (m)Lii 

0-1 

0-811 

0-2 

0-794 

0'3 

0-795 

0-5 

0-806 

0-7 

0-885 

10 

0-903 

1-5 

1-019 

20 

1-190 

2-5 

1-394 

^ ^^ideal 

= vn RT . 


Real osmotic pressure, An = j^vn RT . 

■^^Idcul _ 1_ t 

- - -1 /o ■ 

An 

The Van’t Hoff factor, i = 1 + (r — 1) a = r /,. 

r—1 


1 /o — 


(1-a) 


Introducing Obtwald’s dilution Law, 

_ (y-l)m’’-»a’ ' 
^”' 0 “ vK 


For dilute solution, a* = 1. 
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The curve of 1 — /p plotted against v m should approach the 
origin as a tangent to the v m axis. 

Classically, solutions having the same value of vm should 
be isotonic since it is assumed that the valency of the ions does 
not affect their osmotic behaviour. The experimental evidence 
that the vm against 1—/, lines differ for different valence 
types throws doubt on this assumption. 
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20% Dioxan: 


15 "C. 

45 X. 


0-lM 


219 A 

2-13 A 


O-OIM 


6-93 

6-74 


OOOIM 


21-9 

21-3 


O-OOOIM 


69-3 

67-4 

82% Dioxan: 





O’lM 


0-866 A 

0-845 A 


OOlM 


2-74 

2-67 


OOOIA/ 


8-66 

8-45 


OOOOlM 


27-4 

26-7 

// 





log/± 

= — z_ A 

fl 

■ 


log/- 

= -z-*A}/l 

% 




= v+hgf+ + 

V- log/- ■ 


Hf+ 

II 

1^ 

«§ 

H- 

1 


log/- . 


log/- 


z_ 

Z+ 



log/+ 

/ 

-H 



---llog/. 

■ 



Similarly for log /_ . 
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V-8. 



/i 

00872 

0-918 

0-0447 

0-902 

0-0598 

0-872 

0-0709 

0-840 

0-0897 

0-818 

log/i = 

-1-000 j// 


V-4. Consider the ions to be charged slowly so that at any given 
time their charge is 1 of the final charge. The potential at any 

given time is then A* of the final potential, because = —-L , 

E 

and X is proportional to e^ {e^ = eg). 

The work done during a time element is, 


(A* Vi) (Ci<W)- 

Total work in charging = I 

i Jo 

, gj Vi 


The work, — S 


Nf Cj* X 
2e 


=s- 

i 


— JVj gj* X 
i" 3e 


(e(}uation 20), is the work done in re¬ 


moving the charge from the ions, keeping them fixed in their 
original configuration; then restoring the charge at infinite 
dilution. 
iV- Cj® X 

——is the work required when the ions have a distri- 
j ” ® 

bution corresponding to the amount of charge at any given 
instant. Thus, the energy required is smaller because at each 
readjustment of the distribution the thermal motion does work 
against the intcriouic forces. 


v-8, = J;tg — jTtg, , and /„ = 

, observed osmotic pressure. 

Jn, , ideal osmotic pressure. 

, change in osmotic pressure due to intcrionic effects. 
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••• !-/• = 




sT 

aeF 

_ _ SA';(zfC,)«x 

■ '® eeSJVjir’ 

«i* 2 2j* / 4 jt e„* S ATj 

""eeftTS^jl Tifcr 

c.»;r'/.SAr,Si» 


)l' 


■^ 0 /V sv«' 

'"8(eJfcr)'/>SAr/^^‘®‘^ 



Sjv<z,V*[, r^E r 3r 

2e ■’’eer'^BrBr 


-B.. 


3/ ZAr*zj'f,»x\ 

v-T. Ah.- \lT)r^\—^-)' 

= + |^ 47 tgq*S-yiV ^ jg-J/, y-J/, p-ViJ 

Putting the constant terms equal to ^4; 


•Sel.= + ^ 


- i e-*'- r"/' r-"/' 


dfi 

• ^ * w 
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= + 


Vef 


/rmi 

^ + 8>ar'*' B ^'^\v^t] 


+ 


2r*aF^ 2T*^ 2T* 3«b 

^BSrj '*‘eF ^dT~%V d'n~~lp 


C, = ICX-(C,L.. 


v-8. The approximate condition may be found by solving = 1, 
and y = —graphically. 


1—1 electrolyte, = 6 - 7 A. 
8— 1 electrolyte, r„|t = 80 A. 


V-». Mean value of C is 0-048. 

For a non-clectrolytc Z| and Sj = 0, and the Huckel equation 
becomes, 

log/. = C/, 
or log/„ = Cc, 

in a solution of a 1; 1 electrolyte. 

Setscuenov’s equation for salting out is, 

log — = A: c . 
s 

The non-clectrolyte in solution is in equilibrium with solid 
non-elcctrolyte, thus, its chemical potential is independent of 
the presence of an electrolyte. 

Hence, Og = a, 

or hfufi = »tu- 

The activity coefficient of the non-electrolyte in a .saturated 
solution in the absence of an electrolyte is close to unity, 

.-. log ^ = log /, = C c. 

At constant temperature and pressure the absorption coefficient 
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of a gas is directiy proportional to its solubUity, using the above 
equation the absorption coefficient of nitrogen in 2m-NaCl is 
found to be 0-0114. 


V-io. Potential 


Zfy 


fif 

1 -|-xa 


dr 


ewe-»(xr+l) 


1 + xa 


Energy of dipole of permanent moment p and polarisability 
a in field F is ) a F* + p F cos 6 

Nf = IV, exp. J(aj —B*)-^ + (/i^eoB94 —^ 


From which the required expression can be obtained by sub¬ 
stituting for F. 


CHAPTER VI 

Vl-i. NaAsO,, K* = 1-20.10-». 

KAsO„ K^ = 9-8.10-«. 


ml NaOH added x . 10* 

0 

4’10 

001 

407 

010 

8-81 

0-50 

2’64 

0-80 

1-76 

1-00 

117 

1-20 

1-52 

1-50 

2-18 

TX. 

Solubility (mol//) 10* 

18 

9*85 

25 

10-4 

50 

14-05 

100 

16-1 


VM. 



CHAFTES VI 


885 


Vl-4. By plotting log [acetic anhydride] against time the reaction 
is found to be of the first order. 

ifc, = 8-47.10-* sec. 


VI-5. 


a*/*c 

'^“ 1 - 0 - 


Mean K 

Methanol: logj, / = —2-11 ; 5-40.10"*. 

Ethanol; logy f = —2-82 j/q; 0-79.10"*. 


VI-G. The energies of activation may be obtained from the slopes 
of the plots of log X against 1/7, and log l/)j against 1/7. 

£« = B-2 k.cal. 

Eff = 4-4 k.cal. 

Walden’s rule may be tested by plotting the values of log A 
against, those of log Ijtj obtained at the some temperature. The 
required equation is A' '* ij = 1-69. 


Vl-T. According to Stokes’s law the velocity (u) of a spherical particle 

(radius R) travelling in a vi.scous medium (viscosity q) under a 
force (P) is 

P 

97171R ' 

Or since the mobility of an ion is proportional to its velocity 
under unit field, 


For a non-spherical substance R may be called the radius of 
the equivalent sphere, and the volume of the equivalent sphere 
may be written V = K'r?', where n is the number of unit 
volume elements and x' is a constant index. 


Then 

or 

or 
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VI-B. 


VI-B. 


VI-10. 


The value of x may be obtained by a method of successive 
approximations, assuming a suitable value for the number of 
volume equivalents in a —COO' group, and plotting log{^ 
agunst logn to obtain a better value. 

logl__^ = 1-915 —0-273 logn. 

®-C00' ~ • 

For C„H„(COO')„ l^=8B-2. 

The observed mobility of sodium will be given by, 

The conductance of the solution is given by, 

= /[(Wlr« + «A]- 

fvtCl /hIiSOi 
0-0801 0-68 0-74 

0-02970 0-73 0-77 

0-01367 0-89 0-82 

Using, A, = A^-{C'A^ 

C' = 4-876, C" =190-3. 

By the method of successive approximations, 

c= 2-547.10-* K= 1-42.10-*. 
c = 0-2287.10-* K = 0-992.10“*. 


cf. Mead, Fuoss and Krauss, {Trans. Faraday Soc., 1936, 32, 
594). 




/. a 


A^ —if)/ac ’ 


( 1 ) 

( 2 ) 


4 


A^-A 


cAu 


A^—A]/ac 


i > 



1 


A{A,c)* 

1 


A^ —A j/oc 


*; (8) 
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and continuing to substitute for a in equation (8) by the value 
from equation (2), 

.. MAfC)i . 

if —— IS put equal to z; 


or a = 




1—a’ 


l = -^+a, 

_ ^l( AJ 

~ K U« 1?,.) 




Ei-it A 1 _L 

At K Asa^Ff^ A^ 

F 

Both K and may then be obtained by plotting ^ 

Ay 

cAyf^ 

against -=—, when a straight line should be obtained with 

1 F 1 

slope If! A >« 1 and intercept on the axis of -j-, 
f((/l«,)* At A^ 


2-547 0-0841 0-9122 

1-172 0-0039 0-9837 

0-4BG6 0-0454 0-9548 

0-2287 0-0832 0-9667 

K = 0-80.10-*. 


CHAPTER VII 

VIH. \ Hg,Cl, + T15± TlCl + Hg. 

AH — —11,650 cal.mole~‘. 
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Since AS = 


AS = 17'29 CBl.deg.~*mole~^. 

(a) 5,160 cBl.mole~*, 

(b) —11,650 cal.mole~^. 



and AS varies vrith temperature in 


would vary with temperature. 


Vll-a. Cl ns+ 

0-05 0-498 

0-1 0-496 

0-5 0-494 

1 0-496. 


These are mean tran.sport numbers over the concentration 
range in each cell. The simple procedure of calculating may 
be used because the transport numbers in these cells vary very 
little with concentration. 

VIT-8. The e.m.f. of the standard Li electrode against the normal 
calomel electrode is —8-8044 v. 

Differential heat of solution = —19,680 cal.mole'^ 

vn-4. H,SOi HCl 

N 12-1 mv. 18-8 mv. 

NjlO 4-0 4-8 

JV/100 2-6 2-7. 

It is thus only with dilute solutions that the liquid junction 
potential becomes reduced to a small quantity by means of a 
saturated KCl bridge. 

550" 600" 

/iB) fm 

0 1 1 

0-05 0-914 0-872 

0-10 0-887 0-854 

0-20 0-818 (0-947) 

0-80 0-528 0-612 

0-40 0-259 0-888 


VIM. 
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Vn-6. = —2'904 V. 

Hg jHgiSOt I BaS04 ! Ba+^ 

_ , BT, 

E = 0*909 + _ In aj,++ v. 

vii-7. The true £, may be obtained by first calculating rough values 
of £, for each concentration, then eictrapolating to nigi = 0 to 
eliminate the liquid junction potential, and finally, extrapolating 
the second approximation £, values to zero acid concentration. 

£, = 0*9050 V. 

RT 

vii-B. E= Et -=ln Oi^i aJt 

E + 0-088781 (0*20069 + log m) = £, — 0-088781 log , 

= £' 

Hence plotting E' against mid extrapolating 

= 0-84820 V. 

/(») 

0-01729 0-444 

0-01647 0-468 

0-01285 0*508 

0-01097 0*516 

0-008227 0-552 

0-004112 0*642 

0-002056 0-721 

0-001028 0-794 

VIl- 9 . = —8*80 V., at 1 atm. 

(a) E = 8*47 V, at 1mm. of Hg. 

(b) £ = 8*18 V,. at 100 atm. 

VII-IO. = —2*875 V. 
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CHAPTER VIII 


VIII-l. 


AgNO, 

Ag I I KBr I NH 4 NOg | reference electrode. 
% of equivalent amount Potential of 

of AgNO) added Ag/AgBr electrode 


0 

80 % 
50 % 
80 % 
90 % 
99 % 
99-9% 
1000 % 
101 % 
no % 

150 % 


01991 V, 
0-2077 
0-2312 
0-2491 
0-0088 
0-8676 
0-4856 
0-4910 
0-5501 
0-5914 


VIII-2. Asymmetry potential is 0-0085 v. 


vra-8. At 298 "K, Po_ 4-2.10-" atm. 

At 2860 "K, 0-21 atm. = complete dissociation. 


VlII-4. Plot — log P + 2 A ]fl, evaluated from data given, against 
and extrapolate to / = 0 for P. 

15 °C. 15-08 

25 "C. 14-71 /Jffnta. = 1*.420 cal. at 25 °C. 

85’C. 14-87 

vm-5. Mean Kg = 6-9.10-“. 

vni-a. Complex is most probably that in which three equivalents of 
NH|CH^OO' are combined with one of Zn'*"*'. The dissociation 
constant is about 10-“ over the range = 0*050 to = 0-180. 


VllI-7. Eg = 0-4789 V. on the hydrogen scale. 
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vin-B. 


vin-B. 


vm-io. 


Classical K = 1*98.10~*. 
Thcmodynamic K = 1-89.10~*. 


[H^] • ''*- [HA-jA ■ 

_ aH^(I-2[A-])/, _ aH+ [A-] /. 

Af + [A-] ’ '^*-A(L-2[A-])- 




I 2fC./,Z. \ 


M + 


K,hL 

In-j. L J. 9 ir_ i \ 


f(i Af %+ /i + KiKt( 2M A + L A) — (®H+)* ^ /i /i • 
2M + L = JV, 

For adipic acid, = 4'48, 
pK, = 5-42. 


For electroneutrality 

2 [Mg++] + [MgOH+] + 2 [Ba++] + [H+] = [C1-] + [OH-] 

+ [HCO,-] + 2 [CO,”], 

and [Cl-] = 2[Mg++] + 2[MgOH+]. 

Hence, the required equation. 

The second dissociation constant of MglOH), is given by 

[M|**]rOH-] 

“ Mg[OH>] ■ 

The CO, content of the solution must be allowed for and 
activities must be used throughout for accurate results. 


g. (Ba(OH).) 

[MgOH-]. 10* 

pK 

0-1155 

0-595 

2-56 

0-2110 

1-67 

2-67 

0-6215 

6-16 

2-69 

10080 

10-00 

2-61 
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CHAPTER IX 



JT 

MA 



J* 

®“[R+++]' 



4[R+++]*(®')* 

1-a' ’ 

, Ch«- 

2[R+++] 

■ 


Ce 


Y 


Xi.lO* is:,. 10“ 

. 10* 

K, 

O-lOO 

1-0 5-0 

1740 

8-7.10‘“ 

0 075 

1-1 4-7 

1400 

2-2.10-“ 

0-050 

10 8-5 

1100 

1-2.10-“ 

0-010 

0-5 0-6 

200 

4-6.10-“ 

0-005 

0-5 0-8 

20 

1-0.10-“ 

Thus the mechanism, R+++ + H,0 4 ± ROH'*"*' + H'*' , ap- 

pears more 

probable than for cerium, but yttrium appears to 

follow neither mechanism well. 








Aniline 

1-88 



o-Toluidine 

2-70 



m-Toluidine 

1-88 



p-Toluidine 

0-02 



p-Chloraniline 

8-48 



a-Picoline 

-U-16 



^-Picoline 

—0-48 



s^-ColUdine 

—1-94 



Quinaldine 

0-10 



Imidazole 

—1-28. 



IX-3. pK = 1 ’ 71 . 

The indicator could be used for end points in the range pH 
1-5 - 8 0 . 

iX-4. For an unsymmetrical acid HABH there are two dissociation 
constants 
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^ ^ [H+] [HAB-] 

[HASH] ’““^•""■[HABA] ' 

The eiqserimentBl constant however is, 


K' = 


[Hi([ABH-] + [HAB-]) 


[HABH] 
or r = iri + jr,. 

For the monoethyl ester, 

[Hi[ABEt-] [H^][EtAB-] 

[HABEt] ’ [EtABH] ’ 

If the ester group has a negligible effect on the dissociation 
of the other end of the molecule. 




K^ = Ka, Kt = Kp. 

K' = Ka+Kp. 

If the acid is symmetrical, Ka = Kp, 
and K' = 

2 

i.e. the first dissociation constant of a symmetrical dibasic acid 
is twice that of its monoethyl ester. 


ix-5. For electroneutrality 

[B+] + [H+] = [OH-] + [A-]. 

dpH “ dpj, dpH dpH \.[H1 + Kj • 

2-803 [OH-] + [H^] + ^^^^ - |j . 

Maximum buffer capacity when pH = pK^. 

If the acid is strong [A~] = const. 

■■■ + 

and the regions of maximum buffer capacity are at very high 
and very low pH. 

. [A.-] [Hi j. _[A£]m 

[HAJ ' **“ [HAJ • 


DC-e. 
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Dissociation constants in separate solutions, a and jS, and in the 
same solution, a' and j9'. 

In separate solution i^i^a*titx, 

In mixed solution, ^ (a' ntj + m,) a', 

K, a'(1-/1') a' 


and 


, I, , 


When base is added, f of HA, and (1 — fi) of HA| reacts, 
gj [Ai][HA,] 

K, [A*][HA,]- 


[All 

[AJ —?!). 

^ wi)(l—y)] 


IX-7. 



! 


K, 

i 

JHg (cal.) 

d//] (caL) 

Glycine: 

0“ 

4-81 . 

10 

-11 

2-66. 

io-» 

10,700 

4,500 


20“ 

1-875. 

10 

-10 

4-68. 

io-« 



Alanine: 

0“ 

3-41 . 

10 

>11 

2-66. 

10-* 

11,450 

4,500 


20" 

1-485. 

10 

-10 

4-68. 

10-» 




iX-s. See text for method. 


Kj = 4-80 

. 10-* . 

Kg = 1-22 

. 10-“. 

r 

Malonic 

1-5 A. 

Succinic 

5-0 

Glutaric 

9-2 

Adipic 

11-5 

Fimelic 

18-2 

Suberic 

14-5 

Azelaic 

16-8. 
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r = 4*4 + l'78m, when m, the number of carbon atoms between 
the — COOH groups, is > 2. This suggests that these acids are 
of a linear, or a linear zig-zag form. For /}-n-propyl glutaric acid, 
r = 2*12 A, which indicates that this acid must have a ring form 
with the —COOH groups close together. 


(aL 

P,-c/ 

\ /COOH 

ch; 


DC-IC. The «n-tion, 


, is simply the change 


in energy of the proton which has moved relative to several 
centres of electrical charge. It may be best evaluated graphically, 
by means of a scale drawing of the acid molecule. 


For HjAsOi, log ^ = —2-5. 
For HjGeO,, log = -2*0 . 

ForlljGeO,, log A'= -7*2. 

HiGeOi appears the more probable structure. 


CHAPTER X 


‘'(HJ (V-) 

C (/jF/cm.*) 
(graphically) 

C(/*F/em, 

(Question 

-I-0-2 

.<12 

50 

-l-oi 

52 

50 

0 

52 

50 

—01 

52 

50 

—0*2 

52 

30 

-0-3 

3G 

41 

—0*4 

21*5 

29 

—0*5 

21-5 

21 

-0*6 

21*5 

20 
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C(/iF/cm.*) 

C {fiF/aa.*) 


(graphically) 

(Question 2) 

-0-7 

21-5 

20 

—0-8 

21-5 

20 

—0-9 

21>5 

20 

—10 

21-5 

28 

—M 

21-5 

19 

—1-2 

21-5 



X-2. This expression is valid only for small values of a, and if C 
remains constant. It appears to give results in agreement 'with 
the graphical method when C is constant and elsewhere to give 
the general form of the curve. For answer to first part see la.st 


column of Question X>1. 


e(v.) 

C(/iF/cm.«) 

C(/*F/cm.*) 


(pure sol.) 

(with AmOH present) 

0-4 

29 

28 

0-5 

28 

27 

0-6 

28 

45-5 

0-7 

26-4 

24 

0-8 

29 

50 

0-9 

81-5 

8-8 

10 

82 

8-8 

11 

25-5 

6-0 

1-2 

21-8 

80 

1-8 

19-2 

11-0 

1-4 

171 

81 

1-5 

lfl-7 

50 

1-6 

16-2 

22 

1-7 

15-8 

21 

At 1-2 V., 

^ = 7-8; 

“« -4-«. 


^AmOH 

^AmOH 


This indicates that the dielectric constant in the double layer is 
not equal to that in the bulk. 

X-B. C = 22-5 fiF /cm,*. 
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x-4. 0-1^ HCl 0 01^ HCl 0 001^ HCl 


dip 

f 

dip 

f 

Jyi 


-0-89 

-0-05 

—0-82 

-0-10 

-0-82 

-0-15 

-0-51 

-0-07 

—0-52 

-0-12 

-0-46 

—017 

-0-72 

-0-08 

-0-78 

—014 

-0-57 

—0-20 

—1-26 

—010 

—100 

-0-15 

—0-86 

—0-22 


Interpolating values at Jyi = 0-5, and plotting ip^ against log [H***] 
the line is found to have a slope 0-06, in good agreement with the 
theoretical value 0'058. 


x- 5 . Fora solution containing HCl andLaCl,, Stern’s equation be¬ 
comes, 


——sCi'P +Ciy . 

C(dv-0 = -zf(c,e +c,e -c,e 



where Cj, c„ Cs, arc the concentrations, respectively, of the hy¬ 
drogen, lanthanum, and chloride ions in g.ions/cm.*. 

[LaClJ Ari f, 

0 —0121V. 

10-W —0007 V. —0-118 V. 

10~*JV —0-068 V. —0-088 v. 

The change is, therefore, in the direction predicted by the theory 
although the agreement is not quantitative. 


x-o. The surface excess of alcohol may be represented by F = Tq e , 
where w is the work of replacement of a water molecule by an 

F' 

alcohol dipole, given by {“ /*b) F } (c/. 

Butler, Proe. Roy. Soc., 1929, A. 122, 899). The surface tension 
lowering is proportional to the surface excess of alcohol and 
the field F is proportional to the potential e 
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ae» + fe = a(e-c„„.)*-—,, 

if the potential at which Ao is a maximum ) is c„.. . 

Aa = Aff^ e 

Aa^ = 49 Gk)UY units. 

= 1'02 V. 
a = 8-85. 

x-7. pH C,/Co 

2 0-93 

4 104 

6 0-98 

8 1-01 

10 0-99 

Thus, the zeta potential appears to be the same when measured 
by electrophoresis or by electro-osmosis, 

X-8. From Stokes’ law, the limiting velocity of a sphere falling in 
a viscous medium is, 

2gr*(e'-9) 

u =-. 

9ri 

If q is the mobile charge per square centimetre of double layer, 

the current due to the movement of the particles is, 

—► 

I = iaj^nqu. 

In a steady state this is equal to the electrolytic current in the 
reverse direction, 

AjpA X 

/=—f-. 

83ir*nqgl(g'—g) 

■■■ - — ■ 

x-9. dG = SdT -|- dpi + n, dpi ... . 

dG fh tlm 

At ^C 0 UI.> dP = y = ydfii + ydfi, . 

= Cp, £7* din flp, -|-Cj AT* (fln Oi-f C| AT din a,.... 
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(c^ is the concentration of protein salt). The ionic concentration 
outside the membrane is kept constant; hence, the activities of 
the diffusible components both inside and outside the TnemhriMi<» 
are constant; 

i.e., dP = BT efln Oj, . 

But the activities of the ims will not be constant. 

dP = c^KTdlnOj, + CgRTdlna^.... Cj RT din. 
Membrane equilibrium, RT din o,. = RT din a/—n. F Jv** I 
since a^ the ionic concentration outside the membrane is constant, 
RT din — — tifFE^. 

Elcctroneutrality inside membrane, 

== — (c.n, 4-.... CjfiJ . 

.-. dP = c, RT din a, + c, n, RT d ■ 

/ifjt — ; 

where 

Jjip -RTfc^ din Op, 

U 

M 

™ RT J Cp »ip du . 

0 

Cp Jwp = mm./Hg 

O'OOOIOS i-g 

0-000555 11-1 

0-001320 27-8 

0-00357 9G-4 

0-00493 163-5 

Note: empirically, ftp is found to be directly proportional to 
djTj = const. (JVp,)*. 


X-io. Current due to liquid flow, 


Electrolytic current, 


f Fr*P 

*•'=- 477 - 

Aw 

t =-^(*,31^* + 2jir,xJ. 
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In steady state 


Putting 


t = t 





If two tubes of radii fj, give values , Ci on application ol 
simple theory, then, 


and 


Hence, 



C.IO* 

C(m.v.) 

. 10* (mho) 

2 

—222 

1-13 

6 

—184 

1-04 

20 

—165 

1-57 

40 

—14T 

1-79 

80 

—186 

3-18 


CHAPTER XI 


XM. a = 1-288 V. 
b = 0-101V. 

t, = 1-6.10"** amp.cm.'^ 

If change in overpotential is due to concentration changes, 

RT 


xi-s. 
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- = 10 “-’. 
c, 

The concentration at the electrode is thus unreasonably Bwnll 
when the current is 10~* amp.cm.~*. The theory of Hachu is 
not supported. 

Xl-8. The diffusion current (t^) may be calculated from the IlkoviS 
equation. It is related to the total limiting current (t^) in a binary 
electrolyte by 

1 

ii 

where is the transport number of the cation. 

Hence, = 1'44.10"*amp.cm."*. 



At 2.10"* amp.cm."*, % = 0-004 v. 

The ri.se in overpotential is, thus, not due to concentration over- 
potential. 

xi-4. Current efficiency, a = 58-4% . 

Xl-5. (91n ilBTjji is found to be approximately independent of 

and to correspond to a heat of activation of 9-8 cal. 


Xl-a. Pressure of atomic hydrogen = 10“”' atm. 

This is equivalent to 2-5.10~* atoms cm.~‘ if the layer is 100 A 
thick. 


Velocity = 


iN^ 


f[H] 


= 2-5.10** cm.sec."*. 


The atoms would thus have to travel faster than light, indicating 
that a literal interpretation of the theory of Hickling is unsatis¬ 
factory. 


Xi-7. The limiting current for the first reduction step on the experi¬ 
mental curve for a stationary electrode is ca. 8.10~* amp.cm.~*. 
If this corresponds to the reaction As'*"'"*' —^ As, and the second 
limiting current to As ->■ AsHj, then the second limiting current 
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should be 6.10~* amp. A curve can then be plotted using the 
equation 

r, r. * 

£=£;.—--In:- 

* zt » 

This curve is of the same form as the experimental curve and 
the horizontal portions occur at approximately the same poten¬ 
tials. The difference between the two limiting currents is very 
much larger than the theoretical value. 


XI-s. If the charge transfer across the double layer occurs at a rate 
t' when the current is t, 

For steady electrolysis = 0 and i = i. 


— « f f 

If the current is switched off, i = 0, 


de ,, 


— If cf 


RT 


(icqF nrF ^ _ 

~Rf~ ^ “W ^ if/ foj 
RT c ■ 


e —c 


If Cg (both ore negative), 


RT aF tg t 
C = 15 juF/cm.*. 


XI-B. The system can be considered as an electrolytic cell with 
electrodes of the two components making up the film material, 
the cell having an internal resistance Rf corresponding to the 
ionic transport and an external resistance R, corre-sponduig to 
the electronic transport. The transport of material across the film 
is measured by the current flowing, 
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where £ is the e.m.f. of the "cell”. 

p _^ 

' Axn, 

D _ y 

Ax{n, + n,)' 

where A is the area of the film. 

Hence 

j^ £ifa«w,(n.+n.) 

y 

The rate of gro^vth of the film may then be obtained using 
Faraday’s law; 

dy WI, 1 
'dt~ 'F Ae' 

which together with the equation for the current and 

JG = ~zFE 

becomes: 

dy _ Wx n, (w, + w,) AG 
dt zF*g ’ y' 

(cf. T. F. Hoar and L. £. Price, Trans. Faraday Soc., 1986, 34, 
867.) 


Xi- 10 . Resistance of element of solution 1 cm.‘ area and dst cm. thick. 


dR = qdx. 


--dx— T d®. 
X Ac 


* = + *»• = *< + ”+*> 


FD dc ^ 

— r+^+*- 

dx 


n_ dx' 



851 


SOLUTIONS TO PROBLEMS 


dti,j^ = idR = 


[R Lj 

n_ 'dxAc^' 


IFD de 

c’ 

h 

where c, is concentration at the electrode, and c, is that in the 
bulk. 



CHAPTER XII 


XII-l. 1800"K., 4'7.10-»amp. 
1900 “K., 2-4.10-* amp. 
2000 "K., M . 10-* amp. 
2100 °K., 41.10-*amp. 


2200 “K., 14.10-*amp. 
2300 °K., 4-2.10-*amp. 
2400 "K., 1-2.10-Ump. 


xn-s. At 1500 "K and 1 atm. there are 2-8.10^^ po.sitive ions, and at 
1600 "K and 100 cm. 5-25 ■ 10“ positive ions. The number formed 
in this change is 5-02.10“. 


YiT-ii In time dt the ion travels along the tube a distance, 

dx = vdt, 

if 0 is the linear velocity of the gas; and also towards the inner 
electrode, 

dr ==uFdt, 

udx Af 

V . b' 
rln- 
a 


The volume of gas flowing past a plane in the tube per second is, 
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xn^. 


XII-5. 


Xll-6. 


Q =12wpf<fr=I 
• i In- 


u = 


Qln- 

a 


inA^d 
tt = 1‘4 cni.sec."‘cin.volt"* 


—— may be considered as the force acting on the n ions in unit 
dx 

volume in the x direction. In an electric field the force is F e,n, 
and the resulting velocity is u F. Assuming the velocity to be 
proportional to the driving force, 

dx j) Pf) 

F^n «F~DFe,n‘ 

P =nkT, 

De, DF 
• ““ kT~ KT’ 

tt = 51 cm.sec."‘. cm.volt"^. 

The discrepancy between this value and the experimental value 
is probably due to the existence of multiple ions. 

4,564 positive ions per cm.*. 

X = 0-0021 mho.cm."^ 


Field between plates, F = -~. 

Force on ion of charge e, r = —j-. 

. , ^ 

Acceleration, a = —■; . 

na 

„ , . Avet 
Velocity, V = . 
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SOLUTIONS TO PBOBLEMS 


V = 4'88.10’ cin.scc“’. 
t = 4-56.10^ see. 

Energy delivered to second plate = 1-59.10~* ergs. 

Xll-7. If } m 0 ,' > Jyi r the ion reaches the second plate. 

The electron reaches the second plate delivering to it 8*65.10~’* 
ergs. The other 6'85.10 ergs are transferred to the source of 
the e.ni.f. 

Xll-s. Acceleration of a-particle is 7-24. lO’’ cm.scc. toward the first 
electrode. Its velocity at the moment of collision is 1-89.10’ 
cm.sec.~S and the collision occurs 8-48.10** see. after the a part¬ 
icle leaves the first electrode. The velocity of the a-particlc 
immediately after the collision is 1-BO. 10’ cm.sec.~* towards the 
second electrode which it reaches 2-87.10 sec. after leaving 
the first electrode. 


XIl-B. In the equilibrium, Me'^Me'*' -|- e^-, at temperature T, 

if AH is the heat of ionisation at this temperature and constant 
pressure. 

PV = kN^T. 




kT 


•. S+-S^ = N^k\a 


Pnu / ^ 

n I’"*' . 


where P„, P+ are partial pressures. The mass of the ion (m+) 
is very nearly equal to that of the atom 


S,-S, 


— kN^]n 



Hence, 



AH 

kN^T 


+ ln 
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AH = AV + ltN^T. 
AV = N^I. 


InJf. 




hT 


h* 


xn-io. The ratio of numbers of atoms, which is proportional to that of 

are found using the expression in Question XII - 9, keeping 
Pj. P_ constant. 
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288 

-, pressure coefficient of e.ni.f., 240 

-, use as model in corrosion, 240 

— electrode, use to overcome irreprodud- 
bilily, 252 

—, interatomic forces, 240 
Amino uciils, liissociation of, 821 
Ammonia, dissociation, 313 
—, liquid, Mlivity coefficients, 676 
—, liquid, electronic conductance, 210 
—, niechaiiisiii of formation 515 
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coagulation, 12;i 
—, definition, 311, 321 
AiiiphoiRric solvents, other tlian water, 
314 
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— factor, and amplification, 531 

-, in A.C. circuit, 526 

Amplifier, theory, 524 
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—, electrolytic methods, 460 
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Anion, polarisability of, effect on conduct¬ 
ance of solids, 225 
Anode full, 498 

— flame, in arc, 508 

— glow, 496 
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Anode Blimey in Bilver ooulometer, 588 
Anodizinj;, of aluminium. 484 
Anthracene, electrolytic oxidation, 458 
Antiniony electrode, erron in use, 295 

-, reaction, 295 

Aprotic solvent, 815 
Arc, 490 

carbon, temperature of core, 502 
—, contraction due to own nia^etic field, 
504 

—, heavy current carbon, 502 
—thermionic theory, 497 
—, with alternating current, 499 
Aromatic eoinpoundfl, electrolytic chlori¬ 
nation, 400 
—, —, oxidation, 458 
Arrhenius, theory of electrolytic Bolutions, 
141 

-, of elcctrolj'tic BolutionN, reoBons for 

invalidity, 142,148 

Arsenioufi acid, titration witli iodine, 217 

ABBOC.atioii, in liquids, 128 

Aston dark apaire, 495 

Asymmetry, of electro capillary curves, 858 

— potential, of glass clectrodp, 203 

-, —, —, example, 795 

Atoms, eombinatiou on inelal BurfHoe8,508 
Attractive potential, total, 110 
Autuprotolysis, 310 

Auto pratolyiic reactions, examples, 815 
Azide electrode, standard potential of, 794 

Hallo-electricity, 891 

Bolmer spectrum, in glow discharge of 
hydrogen, 505 
Barreter, bridge, 508 
Basicity constant, definition, 312 
Beat frequency oscillator, 532 

-and dielectric constant of gases, 

548 

Beer's law, 153 
Benzene, bond energy, 778 
Biology, membrane polenliuls in, 874 
Bisulphate ions, clectro-deiHUiition, 455 
Blood, exchange of inorganic ions with 
scrum, 875 

Boiling point, elevation of, 92 

-, of organic compounds, 618-625 

Boltzmann distribution law, 171 
Bomb Goloriineter, reaction in, 52 
Bond, contribution to, of polar and non¬ 


polar components, 102 
Bond, covalent or homopolar, 100 
—, homopolar, polar components of, 101 
—, ionic, 8 

—, ionic, theory of, 112 
—, metallic, 8 
—, uon-polar, 99 
—, polar, 79 

—, transition between types, 101 
Born equation, 123 

-, and strength of acids, 325 

-, corrections to, 125 

—Haber cycle, 119 

— -Haber cycle, and heats of hydration, 
348 

-, and lattice energy, example, 777 

Boundary, sharp, ftirmatiuii of, 572 
Boyle’s Iaiw, for adiabatic cxpansinii, 51 
Brass, clectrodcpositioii, 440 

— plating, 448 
Briflge, barreter, 568 
Bromine, atomic, iiroduction, 511 
Bromoforni, cleilrochcniical preparation, 

480 

BrOnsted's theory of neutral salt effect, 
194 

Brownian inoveincnk, and time cverage, 
170 

-, effect on c4)nductancc theory, 181 

-, effect on processes at electrodes, 35 

Brush discharge, 499 
Buffer eap;ieity, maximum, 331 

— system, 329 

— solution, mecluinisiii, 330 

-, of exact pH, 332 

-, tubulated, 737-744 

Burtons rule, 381 

Cadmium, dissolution in neutral solution, 
254 

Calcium carbide, production, 502 

— ions, estimation, 305 
Calomel electrode, mechanism, 241 
-, preparation, 582 

-, temperature coefficient, 280 

Calorimeter, adiabatic, 340 

—, “Can”, 580 

—, differential adiabatic, 540 

“Can” calorimeter, 530 

Cancer, polaragrapliic detection, 418 

Caimcity, differential, 867 
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Capaolty, electroBtatiR^ 27 
—, —, definition, 27 

—, frequency dependence, and hydrogen 
overpotential, 410 
—, from Htieaming electrode, BQ5 
—, in amyl alcohol, BOS 
—, of double layer, A. C. method, 
technique, 580 

-, and potential, 302-308 

-- and surface tension, 857 

-, dependence on frequency, 808 

-, variation with frequency, 

theory, 417 

Capillary electrometer, 587 
—, for electrometer, 588 
—, for polarography, 580 
CarlNixylic acid anions, elr4d;iode]M>sition, 
455' 

-, de|Mmdencc of dissoeiutiou constants, 

upon pn^HSiire, 200 
Camoi's cycle, 05 

— engine, and tlicrmopiles, 821 
Catalytic theory, of hydrrjgcii iiverpfi- 

tciitial, 427 

(•ataphoresis, definition, 881 
Cathode fall, 408 

— glow, 405 
• liot, 400 

—ray oscillograph, and A. C. bridge, 500 

-, and chaining curves, 301 

-- and inct*d ovenMiteiitiid, 440 

-iMilarograpli, 585 

-tube, 533 

.., ndvantagoB, 585 

-, sensitivity, 505 

-, uses, 585 

—, solid, prefiaration, 500 
Cathndie reduction, tneehanism, 448 
Cell, oniolgain, deduction of e.iii.f. 
equation, 238 

—, concentration, definition, 237 
—, —, with transport, deduction of 
equation, 267 
conductance, 563 

— constant, 4 

— Daiiiell, phase boundary potentials in, 
20(1 

-, reaction, 228 

—, dielectric constant measurements, 540 
—, efficiency of working compared with 
internal roiiibustion engine, 282 


CeU, for irreversible electrode techniques, 
500 

—, for polarography, 580 
fuel, 470 

—, galvanie, definition, 220 
—, Helmholtz, converted to simple oonoeu- 
tration cell, 267 
—, hydrogen-chlorine, 284 
—, in molten salts, 757-758 
—, irreversible, 280 
—, local, 460 

—, practical, energy losses, 282 

— reactions, 228 

— rcuilirm, maximum work, 280 
-, reversibility, 280 

—, Weston, e.m.f., 250 
—, with liquid junction potential, defi¬ 
nition, 20G 

Cement, for liigh teiiqieratiire use, (M)G 
Ceric ions, use as oxygen carriers, 458 
Cerims-MTirsystcins.titTationwithfeiTOUB- 
ferric system, 305 

Cetyl Bulphonic acid, conducLancc of, 228 
(liain mechanisiii, of conductance, 207, 
200 

Charge density, in solution, 172 
—, effective, on colloid, 382 
—, on iM)11oids, 375 

Cliarging cim^w, and capne.ily of double 
layer, 301 

-, at low current densities, 501 

— of colloids, inechanisiii, 87(> 

— of ions, work done ,785 
Chemical |H)tcntird, 70 

-, (Ls a function of activity, 83 

-, as function of concentration, 78 

-, definition, 77 

— reuertion, condition necessiir)’ for, 88 

-, in disi’luiiges, 5(4 

Chciniliimiiiesceiice, 500, 510 

Chloral, electrochemical preparation, 400 
Chlorine, atomic, production, 511 

— electrode, standard potential, 250 
Chloroform, electrochemical preparation, 

400 

Chromic acid, clinitrolytic preparation, 458 
Circuit, equivalent for dielectric measure- 
iiieiits in conducting media, 544, 550, 
551,552 

—, resonance, high frequency, 520 
Clausius-Clapeyron equation, 74 
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Clay, electrophoretic purification, 800 
Closert approach, diatoncc, 047 
Qouds, stability of, 891 
Co-deposition, of hydrogen and metals, 444 
—, two cations, 442 
Collision process, mechanism, 506 
ColloidBlelectrolyte,Bnoinalou8propeities, 
222 

-, conductance, 221 

-, at high ftequencies, 224 

-, —, tabulated, 724-726 

-, Wien effect in, 223 

Colloids, charge on, 825,875 
—, electrodeposition, 391 
—, gaseous electrophoresis, 391 
—, hydrophilic and hydrophobic, 875 
—, purification, by electrophoresis, 886 
ColourinietiicmeaBiirementof spectra, 557 
Commutator method, for overpotential, 
399 

—, technique, and circuit, 600 
Compensation method, Poggendorf, 5 
Complex decomposition, and metal over- 
potential, 489 

— formation, as acid-base reaction, 817 
Complexes, dissociation and e.m.f., 281 
Compressibility, evaluation of repulsion 

exponent from, 117 

— (isothermal), coefficient of, 40 
CompresBioii, work of, in crystal lattice, 

117 

Concentrated solutions, effect of ionic radi¬ 
us in, 191 

-, extensions of limiting laws, 189 

Concentration cell, amalgam, deduction of 
equation for e.m.f., 289 

-, gas, deduction of equation for e.m.f., 

242 

-, with transport, general equation, 268 

—, expression of in Immogeneous mixture, 

79 

—, factors between metliodsof expressing, 

80 

— overpotential, 400 

-, at stationary surface, 406 

Condenser, and double lajrer, 857 

— current, 416 

—, in A.C. Circuit, 522 
Conductance, abnormal, of hydroxonium 
ion, 204 

—, and degree of hydrolysis, 219 


Conductance and solubility, 21B 
—, os a rate process, 208 

— bridge, coupling, 560 

-, elimination of noise, 502 

-, screening, 560 

—, cell, 568 

— chain mechanism, 209 

— coefficient, definition, 149 
—, detailed technique, 559 
—, direct method, 562 

—, early theories, 4 
—, electronic, in liquid ammonia, 210 
—, equivalent, above critical temperature, 
202 

—, —, additivity, 83 

—, —, and concentration for weak electro¬ 
lytes, 183 

—, —, and concentration in Debye-HQckel 
theory, 182 

—, —, at iiigh field strengths, 188 
—, —, at infinite dilution, and tempera¬ 
ture, 202 

—, —, at ijifiiiite dilution, determination, 


—, —, dependence upon concentration in 
Arrhenius theory, H7 
—, —, dependence upon frequency, 189 
—, —, empirical equations at higher con¬ 
centrations, 198 

—, —, equation for, and mobilities, 33 
—, —, in media oflow dielectric constants, 
212 

—, —, in iion-aqueous solution, and vis¬ 
cosity, 208 

—, —, of braiiiates and perchlorates, 697 
—, , of colloidal electrolytes, tabulated, 

724-720 

—, —, of long chain substances, 788 
—, —, of metal chlorides, 145 
—, of salts, at various dilutions, tabu¬ 

lated, 097 

—, —, of strong electrolytes, ciiipiricB], 
148 

—, —, temperature coefficient, 099 
—, ill liquid sUicates, tabulated ,781 
—, in molten salts, anomalous degree of 
dissociation, 210 

—, in sulphur dioxide solutions, 210 
—, invalidity of Arrhenius’s treatment, 
143 

—, limiting, tabulated, 701 
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Conductanoe, meamirementB at high field 
strengths, 500 

, at high frequencies, 569 
—, — by Kohlnusch method, outline, 12 
—, mechanism in molten salts, 211 
—, metallic, 225 
—, —, nature, 7 

mixed, of film in conosion, S12 
—, molar, definition, 18 
—, mutual, 628 

—, “non-polarisable” electrode method 
508 

—, of alkyl ammonium chloride in liquid 
hydrogen sulpliide, 718 
—, of colloidal dectrolytes, 221 

of colloidal dectrolytes, theory, 228 
—, of cryolite-alumina solutions, 477 
— of electrolytes, in liquid ammonia, tabu¬ 
lated, 7U0 
—, of flames, 48H 
—, of gases, D, 484 
of glass, 498 

—, of hydrogen chloride in dioxan-water 
mixtures, tabulated, 71)0 
—, of liquid silicates, 003 
—, of melts, energy of activation in, tabu¬ 
lated, 728-720 

—, of metal wires, and combination of hy¬ 
drogen atoms, 500 
—, of molten potassium nitrate, 788 
—, of molten salts, tabulated, 727-728 
—, of nnn-aqueous solutions, 207 
—, of ''iion-rleetrolytes", 201) 

—, of perchlorate, in organic solvents, 705 
—, of plane, measurement, 577 
—,of potassium chloride solution, abso¬ 
lute, 772 

—, of salts in benzene and dioxaii, 708 

—,-, in glycerol, 707 

—,-in hydrogen cyanide, 712 

—,-in liquid sulphur dioxide, 712 

of salt vapours, 100 
—, of solids, 225 

—,-, nieasuTeinent, 577 

of sulphuric add in ether, 707 

—^-in methanol, 707 

—, of tetramethyl-ammoniuiii salts in 
ethanol, 705 
~ ratio, 148 

-, significance, 150 

—, spedflc, and concentration, 108 


Conductance, qiecilic, and pressure, theo¬ 
retical, 109 
—, —, definition, 10 
—, —, dependence upon pressure, 200 
—I — dependence upon temperature, 201 
—I equation for, and mobilities, 82 
— of organic compounds, 010-025 
—, —, of standard potassium chloride so¬ 
lutions, 18 
—, surface, 808 

—, technique at high temperature, 608 
—, temperature coefficient of salts in me¬ 
thanol and aictone, 714-715 
—, test of miralles theory of colloidal 
electrolytes, 221,224 
—, uni|K)lar, 8 
—, use in kinetics, 220 
— water, 606 

Coiiductioii, electronic and ionic, general 
survey, 6 

—, non self-sustaining, in gases, 480 
—, self sustaining, in gases, 401 
ConseiA^ation of energy, law, 47 

-, —, rc'visinii caused by relativity 

theory, 47 

Constants, universal, values of, 008 
Control ratio, in thyratron, 820 
Coordiiiuiiim number, inlluciice on bond 
tyi)c% 103 

-, in liquids, 120 

Copper, deposition from coiiqdex cyanide 
solution, 438 

—, rofining, anode sludge formation, 461 
Corona discharge, 400 
Corrosion, 481) 

—, activation, 471 

—, and passage of ions through lattice,812 
—, diffcTcntial oxygenation type, 470 
", due to strain, 470 
~ film, as mixed electronic-ionic con¬ 
ductor, 812 
—, inhibition, 471 
—, inhibition, Mnehu's theory,800 
—, mechanism, 470 
Coulomb, definition, 15 
Coiilombic, copper, reason for inaccuracy, 
452 

Coulomb’s theorem, 24 
Coulometer, itoppcr, error in ftinctioiling, 15 
—, —, use of alcohol, 539 
hydrogen, error, 778 
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Coulometer, hydrogen-o3fygen, uac in ex¬ 
amination of Faraday's laws, 14 

—,-, use of sodium sulphate with, 

589 

—, iodine, error, 778 
—, exumple, 778 

—, —, use in precision measurements, 15 
—, mercury, 15 
—, Rayleigh's, 588 

—, silver, determination of absolnte cur¬ 
rent, 58B 

—, use in determination of Faraday, 
15 

Coupling, in conductance bridge, 500 
Crookes dark space, 495 
Cryolite-alumina system, electrolysis, 477 
Cryoscwpic constants, 610-825 
Crystal faces, growth of, 442 
Cubical expansion, coefficient of, 40 
Cuprous iodide, semi-conduetioii of, 220 
C'urrent, us function of potential, general 
equation, 425 
—condenser, 420 
—, device for keeping constant, 574 
—, diffusion cxintrollcd, at moving com¬ 
pact Bur&ce, 405 

—I- 1 at stationary surface, 400 

—, direction of flow couvenlion, 4 
— efficiency, in electrolysis of melts, 472 
—, Faraday, 420 
—, limiting, 4412 
—, —, approximate value, 405 
—, —, equation, 407 
—.local, 469 
—, measurement, 588 

-potential relation, in A.C. Circuit, 521 

Cybotactic groups, 127 
Cycle, Born-Haber, 119 
—, definition, 44 
Cyclic process, 51 

-, definition, 44 

Cystein, imlarograplilc detection, 413 

llanicU cell, in salt melts, 474 

-, reaction in, 228 

-, witli molten salts, 279 

Dark discliaige, 508 

D.C. transients, at high current densities, 
590 

Debye effect, 169 

-, for coUoidal electrolytes, 224 


Debye-Hflckel equation for activity coef¬ 
ficient, tests of, 176 

-, equations, constants of, 645 

-, equations for activity, reasons for 

breakdown, 179 

- , limiting Jaw, and activity of 

hydroxonium ion, 250 

-, limiting law, and determination 

of coiivnitioiial pH, 285 
-, limiting law, and diffusion po¬ 
tential, 270 

-, limiting law, and dissociation of 

ampholytes, 322 

-, limiting law, and exact pH 

dcUTininution, 283 

-, limiting law, and individual, 

ionic activities, 278 

-, limiliiig law, and ionic product, 

278 

-, limiting law and salt error of indi¬ 
cator, 387 

-, liiiiiting law, application to e.iii.f. 

equation, 230 

— —, limiting law, and standard redox 
potciitiiils, 201 

-, theory, and doiiide layer of 

colloids, 880 

-, theory, assuiiiptions, 170 

-, theory of breakdown of Ohm’s 

Lnw, 187 

-, tlieiiry of conductance, 180 

— —, tlieory of conductanci; in iioii- 
aqueous solutions, 163 

-.theory of conductance, reasons 

for breakdown, 188-184 

-, tlieory of conductance, validity, 

188 

-, theory of diffusion coefficient, 

180 

-, theory of heat of dilution, 785 

-, theory of solutions, break¬ 
down, 175 

-, theory, verification with differ¬ 
ential calorimeter, 540 
—Mosotti-CJausius equation, ussuinp- 
tions, 189 

—, unit of dipole moments, 100 
Decay, of hydrogen overpotciitiol, 811 
—, of metal uverpotential, tlieory, 442 
Decomposition, and ionisation in gas 
phase, 480 
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DeoompOBhibn, in electric ficlda, 514 
^potential, of aqueous solutions, 

456 

— voltage, in salt melts, 476 
-, mechanism, 897 

-, of cryolite-alumina, 477 

Deflector plates, of cathode-ray tube, 584 
Degree of dissociation, and properties of 
liquid, 138 

-, ns a function of pll — pK, 888 

-, classical expressions, 142,143 

-, determination from conductance, 

218 

-, determination in media of low 

dielectric constant, 214 

-, Fuoss-Krauss theory, 700 

-, in mixed electrolytes, 801 

-, of acids, from Ramon spectra, 

73&-784 

-, of nitric acid, 812 

-, of salts, from condiulance, 

734-^785 

-, tnic, 152 

-, —, from absoqition 8[)e(d.ra, 155, 

150 

— of freedom, definition, 44 

— of hydrolysis, calculation of, 310 
Dehydration, eledro cndosmotic, 301 
Density, niaxiinum, of water, 129 
-, of water, effect of ions on, 133 

— of melts, 637 

— of iiHdtcn salt mixtures, 080 
nc|N)8ition of anions, examples, 449 
Deposition of halogens, 453 

— of hydrogen, roiiditions for, 409 

— of metals, 438 

—I of mixed crystals, 445 

— potentials, in salt melts, 475 
Depolarisation, hydrogen deposition by 

oxygen, 414 

Detector, in conductance bridge, 562 
Deuterium oxide, ionic product, 705 
—, separation from hydrogen, 486 
Dielectric constant, 27 

-, and acid strength, 327 

-, and association in liquids, 140 

-, bridge meiluMl, 543 

-, definitiDn, 28 

-, effective, in adds, 349-850 

-, force method, 551 

-, heterodyne beat method, 547 


Dielectric constant, high frequency 
metliod, 55o 
-, near ion, 124 

— —, nf conducting media, 544 

-, of electrolytic solutions, tabulated, 

702-708 

-of ionic crystals, 686 

-, of polar gas, 188 

-, of polar liquid, empirical equation, 

139 

-, of water and temperature, 177 

-, of water, at various temperatures, 

tabulated, 685 

-, resonance method, 545 

-, standing wave method, 549 

-, substitution method, 543 

-(static) of organic compounds, 

016-625 

— polorisatiuii, measurement, 548 
Difference-indicator electrodes, 800 
Differential capacity, 357 

— method, in potentionietric titration, 
299 

— relations, general in thennodynainics, 
46 

Diffuse double layer, in colloids, 382 
Diffusion coefficient, dependence upon 
interionic attraction. 185 

-, limiting law for, 186 

-, of various soils, tabulated, 704 

— consl-urit, classical, os a function of mo¬ 
bilities, 184 

— current, ut moving surface, 405 

— layer, potential difference across, 818 
-, structure, and liquid-junction po¬ 
tential, 271 

-, theory, 403 

-Uiickiiess, 400 

-, thickness, relation for, 404 

—, of ions ill gas phase, 814 

— potential, 185 

-, between solutions of different 

electrolytes, 271 

-, between solutions of same electro¬ 
lytes, 270 

-, effect of ionic strength, 270 

-, in cells, with molten salts, 279 

-, mechanisin, 266 

-, Buppiession, 272 

Dilution, heat of in Debye-HOckd theory, 
785 
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Dilution law, Ostwald'B, 146 
DimensionH, of elpctricul units, 611 
2:4 dinitrophenol, nlisorption, spectrum 
of, 155 
Diode, 627 

Dioxan-nvater iTiixturc^M, 212 
Dipole, adsorption of, at electrified iiiter- 
fuces, 806 

—dipole indiiecd interaetioiis, 778 
—, mipation of, in heterogeneous field, 
662 

— moment, and refrailivity, 552 

-, Elwit’s method, 556 

-, elertrosirii'tion method, 554 

-, in solution, 556 

-, of organic comiioiinds, 616-625 

-, Stern-Gcrlatdi methml, 554 

-, temperature iiietliod, 556 

—, potential of, at elcetrocapillary muxi- 
nuiin, 660 

— suhstitutioii, and proton affinity, 847 
Discharge, cheniieul n^uidions in, 501 
Dispersion force, 109 

-, and hydrophobic colloids, 876 

-> Hpi»roximate equation, 778 

-, between eolloidal particles, 222 

-, between hydna^arlKin groups, 128 

— of CDiidiictiinr'e, 186 

Dissociating power, and stability of solva¬ 
tion complex, 137 

-of liquids, 137 

Dissociation e^iistunt, acid, 313 

-, and resonance energy, 850 

-, as a function of dieleci;ric constant, 

828 

-, basic, 818 

-, classical, 146 

-, classical, and concentration, 156 

-, classical, maxinmm accuracy of 

detenniiiation from absorption sfiecdxa, 
156 

-, dependence of dissociation constants 

upon pnnssure, 19D 

-, detcniiiiiutioii conductometrically, 

211 

-, determination for amino acids, from 

e.m.f., 822 

-, determination for hydroquinone, 

808 

-, detennination from conductance, 

214 


Dissociation constant, determination, 
from roiiction vclfHdties, 107 

-, from potentiometrii! titration, 601 

-, of acetic lu-id, 618 

-of acids, therniodynninic, tabulated, 

720 

-, of amino acids, 321 

-of bases, themiodynamic, tabu¬ 
lated, 762 

-", of diliiisic acids and their ethyl 

esters, 801 

— ., of ilibasii; acids, relation beiwi^en, 

:)40, 708 

-, of weak electrolyte dependence on 

teirifieruture, 201 
-, of water, 275 

-, relation to hydrolysis constant, 619 

-, thenuodynnmic, and Del)ye-Huekcl 

equations, 178 

-, theriiiodyMinnie, eonipurcd with 

classiciil, 156 
—energy, 112 

— field effect, 186 
-, theory, IHfi 

— of acids, tlicrmiil data, tubulated, 316 
—, of diuiiimie inoIeciilcK, 505 
Dissolution, aniNlic, definition, 41>9 

—, , uf metals, 456 

Distances of elo.Hf‘Bt aiqinfaeli, 047 

--, in (ironwall, et a//stheory,102 

-, meaning of, 191 

Distribution, of solvent around ion, 786 
Dodccyl sodium siilpliaie, variation of con¬ 
ductance of solution M'itb frequency, 224 
Doni effetd, 382 

Donnnii distribution mffieient, 371-:i72 

— membrane equilibrium, 372-674 
Double layer, and A.(\ bridge metliod. 302 
-, and charging curves, 661 

-, f!fipficity of, and surface tension, 857 

-,-, dilenniiiatioii, 360-36JJ 

-, condenser-like properties, 857 

-, Gony, 360 

-, Goiiy tliMiry, :MV4 

-, Helmholtz, 365, 307 

-, — theory, 363 

-, Stern theory, 864 

Dropping nicrciiry electrode advantages, 
408 

-, mechanism, 248 

-, technique, 588 
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Dual mechanum, of hydrogen evolution, 
486 

Duheni-Margulefl relation, 166 
DyeBtutf, BB colloidal electrolytca, 221 
—, electrochcinieal preparation, 400 

EliuUloBOopic constantfl, 616-625 
Efficiency, of reversible engine, 05 
Einstein's diffusion equation, 404 
Electric charge, unit of, 20 

— field and Electric Eueigy, 20 
Eicctro-analytical methods, techniques, 

502 

Elcctrocapillarity, technique, 587 
Eiectrocapillaiy curves and asymmetry of, 
350 

— aisthity, nieclianisin, 855 

— cur\'e, and singie ]iotentials, 850 

-, general pr(i}K!rticB of, 854 

-, on solid metals, 50S 

— iiuixiinum, and dropping electrode, 240 
-, lowering, 850 

-, sigiiificance, 359-360 

Electrochemical equivalent, 281 

— guB reactions, 505 

— series, in salt melts, 477 

-, physical significance, 258 

-, tabulaled, 251 

Electrode, amalgain, technique of for¬ 
mations, 280 
—, for conductance, 564 
—, hydrogen, teiduiiquc, 581 
™, inactive, 205 

— kinetics, technique of, 507 
—, iioii-|H)iariHubie, 415 

—, null, and electrocapilLiry miiximum 
300 

—, null, possible use, 248 
—, of first kind, 241 
—, of second kind, 241 
—,-, theory, 256 

— of third kind, and solubility product, 
250 

—,-, definition, 250 

—, polarisablc, 415 

— potential, of traces of silver ions, 

282 

-, accuracy of measurement, 251 

-, definition, 244 

-, determination for water—attacked 

elements, 252 


Electrode potential, normal, definition, 
246 

-, dependence on activity, 246 

-, sign convention, 254 

-, Standard, definition, 240 

-, —, determination, 251—254 

-f —, of qulnhydrone-eiectrode, 288 

-, tabulated with accuracies, 745- 

758 

-, thermodynamics of, 247 

— profiesBCB, definition, 804 

— reactions, 228 

-, misocllaneous, potentials of tabu¬ 
lated, 268 

—, revcniblc, technique, 581 
Eiectrodeposition, from iiou-aqueous so¬ 
lutions, 445 

— of unions, simultaneous, 450 

— of brass, 440 

—, of carboxylic acid anions, 455 
—, of rolloids, 802 
—, of nibber, 370 
Electroendosinosis, definition, 381 
—, measuromeiit, 888 
—, ineclianisni, 380 
—, technique, 508 
Fllectrokinelie phenomena, 881 

— potential, and conrentration, S6B 
-, and flocculation, 370 

-, at glass-water interfaces, tabulated 

-, at micellar surface, 382 

-, experimental determination, 385- 

886 

-, in Stenrs theory, 865 

—, technique, 591 

liUectrolysis, of alkali metals in liquid am¬ 
monia, 200 

—, in aqueous electrolytic solutions, 
changes during, 34 
—, in molten salts, difficulties, 472 
—, “inner”, 460 

—, of cryoiite-aiumiua, meclianism, 477 

— of melts, ieclinique, 606 

— .“outer”, 460 

Electrolyte, colloidal, and degree of as¬ 
sociation, 780 

—, early theory of nature, 5 
—, indifferent, 402 
—, potential, 99 

—, potential, in non-aqueous solution, 206 
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Electrolyte, strong, Bnalogy to Van der 
WiuiIb’ equation, 150 
—, —, definition, 144 
—, —, departure from clasBical laws, 147 
—,tnie, 00 

—, weak, definition, 144 
—, weak, diBBociationatliighfieldBtTength, 
108 

Electrolytic reduction, 446 

— solutions, classical, theory reasons for 
breakdown, 140 

Electromotive force, general, 17 

-, of galvanic cell, 220 

Electro-neutrality, principle of, 158 
Electron affinity, 110 

— beam, focussing, 534 
—, charge, 16 

collisions, 485 

—, free, effect on conduction, 226 

— -ray gun, 533 

— transfer, as mechanism in conductance 
of non-aqueous solutions, 200 

Electronic conductance in, 225 
Electronics, 520 

Electrophoresis, and colloid purification, 
386 

—, definition, 881 

macroscopic method, 501 
—, mechanisiii of, 882 
microscopic method, 502 
—, of aerosols, 391 
Electrophoretic effect, 180 

-, in colloids, 382 

-, in theory of colloidal mobility, 384 

Electrostatic force, equation for, 20 
—, potential, 21 

-, definition, 21 

—, sign convention in, 105 
Electrostriction, effect on calculation of 
hydration numbers, 185 
Electrothermal gas reactions, 505 
Elements, local, 460 
Eloxal process, 464 
E.M.F., and change in entroyiy, 248 
—, and change in heat content, 243 
—, and concentration, 233 
—, and detennination of solubility, 280 
—, and dissociation of complexes, 281 
—, and equilibria in salt melts, 270 
—, and ionic product, 275 
—, application to calculation of change in 


free heat content, 281 
EJ1.F., calculation from, of activity 
coefficients, 287 

—,-, of equilibrium constant, 286 

—, concentration units used, 284 
—, depcudencc on activity, general 
equation, 285 

—, dependence on pressure, 240 
—, dependence on temperature, 242 
—, normal, definition, 288 
—, of concentration ceil, 288 

of galvanic cell, and energetics, 280 
—, of hydrogen-oxygen cell, values of, 276 
—, of molten salt cells, tabulated, 757-758 
relation between those on different 
concentration scales, 234 
—, standard, definition, 233 
—, temperature isoefficient of, 243 
End point, and equivalence point, 800 

-, in potcntiometric titration, 208 

Eucrgcities, of cell, fundamental equation, 
231 

—, of galvanic cell, 230 

Eneigy of activation, of conductance, 203 

-^ of hydrogen deposition, 421, 

426, 750-762 

-, in conductance of molten imt- 

assium nitrate, 788 

-, of viscous flow in potassium 

nitiate, 788 

—.comparison of electrostatic formulae 
for. 23 

—, electrostntiir, 22 
—, —, deduction of equation, 22 
—, of caesium halide lattice, 777 
—, of charging a imdy, 22 
—, of dissociation, 112 
—, of dissociation, effect of polarisability, 
114 

—, of hydrogen Ixmds, 111 
—, of interaction of dipoles, 107 
—, of interaction of ions, 105 
—, of iiitcractioii of ion and dipole, 100 
—, of lattice, 112 

-, definition, 114 

—, of repulsion, 118 

—,-, exponential equation for, 117 

—, relation to mass, 47 
—, unils of, relations between, 014 
Entropy, 68. 

—, abroJute, of hydroxonium ion, 020 
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Entropy, aa fiinctlcm of itate, 70 
at equUibriunip 70 

—p change aasociated with tempcratiue 
mcroBsCp 71 

^p change during iaotliermal expansion 
and compression, 71 
—, change during phase change, 71 
—, cliange in, and e.m.f., 248 
—, differontial relation to pressure and 
temperature, 72 
—p in irreversilile change, 66 
—, in cyclic reversible change, 68 
—, of isopentane, 774 
—p of mixture of gnsea, 775 
—, of monatomic gases, 815 
—, relation to probability, 70 
—p standard, of ions, tabulated, 620 
—, surface cxcths of, 776 
I^iiatinn of state, definition, 44 

-, for ideal perfect gas, 40 

ljx|iiilibrluni, condition for Ix'twecii two 
phases, 01 

— constant, and free energy, 88 

-p calculation from e.m.f,'s, 286 

-, calculation from Neinst luuit theo¬ 
rem, 80 

-, definition, 87 

-, dependence on tcrmperatiirc, 88 

-p determination from e.m.f., 275 

-, in various terms, relation between, 

87 

-,for dlssoriution of water, frome.iii.f., 

277 

-, for ioiiisutioii of metal vapours, 815 

-of amino adds, tabulated, 323 

-, of liydroxoniiim ion, 311 

-, of protolytie reaction, 812 

—, dcfiiiitinn, 62 

Dunnan, iiiembrane, 3711^374 
—, cstablishincnt at deetrode, ions trans- 
fered in, 245 

— in Htdt melts, and c,m.f., 270 

-- involving solutiuns in contiu^ uith 
otlier plmse, 80 
", of system, definition, 44 
", quinonoid-benzenoid, 264 
", suspended, 44 

—, thermodynamic criteriu for, 85 
—, water, 566 

Equivalent, electrochemical, 231 
Excitation function, 405 


Expansion, Ofliabatic reversible, of ideal 
l^p 51 

", isothermal, reversible, of ideal gas, 40 
Extensive property, definition, 44 
External agency, 05 

Extinction coefficient, dependence upon 
concentration, 152 

-, measurement, 555 

-, molar, 158 

-, of diphenyl seleniuiii bromide, 7B1 

Falling eharactcristira, 408 
Faraday current, 416,580 
" (lark sfiacc, 496 

Faradays l.awB, apparent applicability 
in electronic conductance, 41 

-, difficulties in examination of, 16 

-, examination, 14 

-, general, 13 

-in liquid silicates, 603 

-, statement, 14 

-, validity in eledrolysis of glasses, 16 

—, value, 10 

Fatty adds, dcctTolysiN, medianism, 457 

-, long chain, m colloidal electrolytes, 

221 

Ferric-ferrous eleirtrode, oS oxidising 
agent, 202 

Ferrous alloys, production, 502 
Kick's first law, and A.C. electrolysis, 416 

-, and diffusion current, 401 

-, of diffusion, 1H4 

— second law, and A.C. electrolysis, 416. 
Field, electric, 20 

-■, deduction of equation for energy, 30 

-, due t(» plane sheet of cluii^^e, 24 

— strength, electrii^ definition, 20 
-, line integral of, 21 

Film, in corrosion, and rote of increase, 812 
—, oxide, in passivity, 46;i 
First Law of themodynamics, 46 

— --, applications, 49 

-, quantitative expression, 48 

-, statements, 47,48 

Flame, conduciam^, 488 

—, conductance, determination, 577 
Flocculation, and valency effect, 870 
—, ineeluiniBni of, and colloids, 878 
Fluorescence, measurement, 657 
Flux, electric, associated witli charge, 28 
Fogs, stability of, 891 
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Force, between ion and dipole, 106 
—, between polar nudeculM, 107 
—, between polyatomic moleculefl, 105 
dispenion, 100 

—, experienced by cliaige in electrostatic 
field, 00 

—, induction, 106 

—, —, between ion and molecule, 108 

-, between two dipoles, 100 

—, polar, between ions, 105 
—, directing property, 107 
repulsive, 104 
Van dcr Wauls, 108 
Free energy, 74 
-, OB function of state, 70 

— beat content, 74 

-, as function of state, 70 

-, change during chemical reaction 

80 

-, change in during reaction in ccU, 

281 

-, in hydration, equation, 128 

-, of activation, in hydrogen evolu¬ 
tion, 426 

-, of chemical reactions, determi¬ 
nation from c.m.f., 230 
Free radical, formation, 511 

— rotation, in liquids, 127 
Freezing point, lowering, 04 

-, of organic compounds, 616—625 

Frequency, comparison with cathode-ray 
tube, 535 

Freundlich isotherm, and colloids, 377 
Friedcricli's rule, 226 
Fuel cell, 231,470 

-, difficulties, 480 

-, economics, 479 

-, examples, 481 

-, indirect, 482 

Fugacity, 80 

Functions of state, definition, 48 
Furnace, molybdenum resistaiiite, 604 
—, windings used in, 604 

Galvanic ceU, 220 

-, in parallfd, 18 

-, in series, 17 

-, intenud rcaistanoe of, 17 

-, relation between e.m.f. and termi¬ 
nal voltage, 17 

-, reversibility of reaction in, 280 


Gas, ideal, definition of, 49 
Gases, electrochemistry of, 484 
Gauss's Theorem, 28 

-, and Stern theory, 867 

Gegenions, and valency effect in floccu¬ 
lation, 879 

—, in colloidal solution, 878 
—, valency of, and flocculation, 880 
Gelatine solutions, membrane potentials 
of, 874 

Gibbs adsoqition equation, and electro- 
capillary active substanoes, 858 

-, applied to charged interfaces, 

856 

—Duhem equation, 77 
—Helmholtz equation, 88 
—Helmholtz equation, iipplicd to cells, 
248 

Glass, condurtnnee, 408 

— clertrode, calihrotion, 203 
-, errorK, 208 

-, mechaiiiKin, 202 

-, URp, 201 

Glow discharge, 408 

-, annnialoiis, 406 

Graphite, artificial, production, 502 
—platinum, as differeiinc-indiraior 
electrodes, 800 
Grid, 527 

—, suppressor, 520 

Gratthuss, eluiiii incclmui.sm of conduct¬ 
ance, 4 

— theory, 5 

Half-wave potential, and standard po¬ 
tential, 412 

-, of reduction of arsenic, 811 

-, significance, 411 

-, tabulated, 765-766 

Halides, mixed, estimation, 305 
Halogen, anodic introduction into organic 
molrciilcs, 458 

— hydride, contribution of polar bond to 
valence link in, 102 

Heat ca|iacity, 58 
-, definition, 58 

-, relation between and coefficients of 

expansion and compressibility, 55 
-, thermodynamic equations for, 58 

— content, 52 

-, change in, determination fkom 
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e.m.t, 248 

Heat, oonveiBlon of, into work, 
oonsequencseH of, 66 
—, isothermal oonversion to work, 67 
—, mechanical equivalent of, 47 

— of activation, hydrogen evolution, 
tabulated, 428 

-, of hydrogen evolution reaction, 

definitions, 422 

-, of hydrogen evolution reaction, 

tabulated, 769-768 

^ of dissociation and acid structure, 845 
-, of water, 270 

— of hydration, division of, fur individual 
ions, 123 

-, equation, 128 

-, improved equation, 126 

-, of alkali and luUogeii iuiis, 124 

-, of alkali halides, 121 

-, of hydrogen and deuterium, 437 

-, tabidatcd. 605 

— of neutralisation, of strong acids and 
Iniscb, 818 

— of reaction, 56 

-, from c.in.f. and cell iiicasure- 

mcnts, compared, 2'14 

-, tlierinndyiiuinic relations for, 56 

—, of solution, 120 

-, and dilution, definitions, 57 

-and dilution, measurement, 580 

—, of solvation, 120 

-and heat of solution, example, 

777 

. —, and lattice energy, 121 

-, dc|)endcncc on dielectric constant, 

124 

Helmholtz cavity resonator, 527 

— double layer, and elcctroendosmosis, 
888 

Henderson equation, 272 

-, and individual ionic activities, 278 

-, and pH ileteniiination, 285 

-, errors in, 278 

Hess s Law, 50 

Hexacli]orL)enzcne, electrochemical pre¬ 
paration, 

Heyrovsky-Shikata polarograph, 5H4 
Hittorf method, technique, 571 
Holes, ill lattices, and semi conduction 
mechanism, 227 

Hydration energy, additivity of, 122 


Hydnthm energy, of individual ions, 122 
—, evidence for predominance of ooul^b- 
io forces, 182 

—, non-coulombic factors affecting, 182 

— number, 181 

-, determination from ionic mobility, 

185 

-, determination of from entropy 

changes, 186 

-, significance of, 184,185 

-, summary of values, 187 

— shcatli, secondary, 138 
Hydrocarbons, reaction in arc, 518 
Hydrocliloric acid, activity coefficient in 

dioxaii-water mixtures, 677 

-, solution, of unit activity, 250 

Hydrogen acids, 816 
anodic dissolution, 452 
—, anodic evolution from salt melts, 455 
", atomic, concentration, 506 
—, —, production, 505 
—, —, reducing actions, 507 

— bond, 110 
-, nature of, 111 

—chlorine cell, deduction of e.in.f., 234 
—chlorine cell, deduction of c.mX from 
electrode }H)tciitials, 247 
—chlorine licll, variation of e.in.f. with 
firessure, 242 

—chlorine reaction, iiiechanisiii, 511 

— dc])OBition, depolarisation by oxygen, 
414 

—deuterium sefiaration, 4.36 

— electrode, “absolute"’ potential of, 250 

-, and pH detcrinination, 284 

-,08 reference electrode, 240 

-, disadvantages, 287 

- 1 effect of poisons, 201 

-, effect of pressure, 284 

-, pressure of hydrogen at equivalent 

to quinhydronc electrode, 265 

-, pressure of liydrogcn corresponding 

to chroinic-clutuiious electrodes, 203 

-, technique, 581 

-, temperature coefficient, 240, 422 

-, time taken to reach equilibrium, 201 

-^ variation of e.m.f. at high pressures 

240-241 

— evolution, catalytic theory, 480 

-, electro-chemical theory, 482 

-, free licat content of activation, 428 
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HydrogeD evolution, potential eneigy 
Ainctioiis in, 429 

-, Blow diBchaige theoiy, 427 

-reaction, slow stage, 426 

—nitrogen reaction, on metal surface, 615 

— oveipotential, and adsorption of hydro¬ 
gen, 420 

-, and current density, 420 

-, and frequency dependence of ca- 

pacit>’, 419 

-, and impurities, 418,424 

-, and initial quantity of electricity, 

424 

-, and pliotocurrcnt, 418 

-, and reduction, 448 

-, and temperature, 421 

-, and tlicmiionic work function, 420 

-, dec;ay, 811 

-, dependence on pH, 428 

-, dependence upon electrode materi¬ 
al, 420 

-, effect of oxygen, 414 

-, facta, 419 

-, in alcohol-water mixtures, 800 

-, slow stages, 426 

— -oxygen cell, use in determination of 
ionic product, 276 

— peroxyde, and reversible oxygen elec¬ 
trode, 456 

-, electrolytic preparation, 518 

—, preparation for measurement of hydro¬ 
gen oveqjoteiitial, 690 

— scale, definition, 240 

— sulphide, liquid, structure of, 129 
Hydrolysis constant, relation to ionic pro¬ 
duct, 810 

—, definition, and mechanism, 318 
—, degree of, conductometric determi- 
nation, 219 

—, of acetic anhydride, 787 
—, salt of strong acid and weak base, 310 
—, salt of weak acid and weak base, 820 
Hydro-quinhydrone electrode, 200 
Hydroquinone, dissociation and redox po¬ 
tential, 807 

—, oxidation, mechanism, 458 
—, titration with potassium dicliromate, 
806 

Hydioxonium ion, abnormal conductance, 
204 

-activity, determination, 282 


Hydroxonium ion, conductance according 
to Bernal and Fowler, 207 

-, conductance according to GrotthuBs 

view point, 206 

-, conductance according to HOckd, 

206 

-, equilibrium constant, 811 

Hydroxyl radical combination, 512 

-, existence in discharge tube, 511 

-, in theory of oxygen evolution, 454 

llkovic's equation, 406 
Inline radical, detection and reactions,513 
Impedence, maximum, 524 
Impossible process, definition, 62 
Indicator, 832 

—, dependence of absorption curve, oil 
ionic strength, 888 
— in noii-Bi|ueous solutions, 801 
Indifferent electrolyte, effect on equation 
for limiting current, 402 

-, use in polarograph, 410 

Inductance, in A.C. circuit, 521 
Induction, of gas reactions, 501 
Inhibition, of corrosion, 471 

-, and hydrogen nvcr|iotentiaL, 471 

Integration, graphical, 818 
Intensive property, definition, 44 
Interaction, lictween dipoles and multi- 
poles, 107 

—, between noii-fiolar atoms, 823 
—, di|Jolar, contrasted ill liquids andsolids, 
107 

Interionic attraction, effect on conduct¬ 
ance coefficient, 150 
-theory, and liquid junction po¬ 
tential, 271,272 

liitermeiallic compounds, in umalgams, 
240 

Intcnuolecular forces, 104 
Internuclcar distance, 118 

-, in vapour state and in crystal, 118 

Intemiptor, electronic, 601 
Inverse square law, 20 
Iodide ion, adsorption, 858 
Iodoform, electrocheiiiical pieparotion, 
mechanism, 459 

lon-dipolc interaction, error in equation, 
777 

^ pain, 812 

—quadnipole interaction, 778 
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loM, chaiging of, 786 
—, Faraday's defliiHion of, 4 
—, formation in gases, 486 
—, generation in air, 814 
—, in gas, acceleration of, 773 
migration of, 30 
negative, polarizability of, 101 
—, thermal production in gases, 487 
—, time to reach steady state, 81 
Ionic atmosphere, effects in opposition, 

270 

-, potential, 171-175 

-, radius, 178 

-, radius in dioxan-water, 785 

-, significance nf radius, 175 

-, siructuTT, 170 

— micelles, 222 

— product, as function of tcm|)craturo, 
tabiilutcil, 278 

-, of deuterium oxide, 785 

-, nf water, at varinus tciniKraturcs, 

tabulated, 726 

-, of water, e.iii.f. determination, 

275 

^ streiiglli, definition, 161,162 

-, effect UfKin ionic atmosphere, 173 

-, empirical rtdalioii to activity co¬ 
efficient, 162 
Ionisation, culiisionaJ, 400 
—, condition for, in gases, 485 
—, free heat content of, 81N1 

— potentials, tabulated, 635 
, tlicrmul, in arc, 487 

Iron, cathodic activation, 467 

— electrode, in absence of iron ions, 286 
—, rusting of, 470 

Irreversibility, in eJeetrode processes, 884 
Irreversible. proet^Hscs, andthenno- 
dynamic treatment, 74 

-, definition, 61 

-, in solution, limiting laws for, 180 

Iso-electrie point, of amino acids, 323 
Isotope separation, 486 

— technique, in Kolbe synthesis, 457 

Joule heating, in solution, 507 
—Thomson coefficient, equations for, 
774 

Ketones, electrolytic reduction, 447 
Kinetics, use of conductance measure¬ 


ments in, 220 
KirchhofTs equation, 56 
Kohliausch's law of independent ionic mo¬ 
bilities, and equivalent conductance, 
208 

-of independent ionic mobilities, il¬ 
lustration, 182 

— regulating function, 672 

— square toot law, 147 

-, theoretical deduction, 181 

Kolbe synthesis, mechanism, 450 

Lattice defects, 0 

— energy, 112 

-, table of, for alkali halides, 110 

—, test of ionic theory, 118 
Lead acetate, and use in platinization, 
581 

— monoxide, heat content in allotropic 
cluinge, 775 

— sulphide, Nemi-conduction of, 227 
Lcuco-indigo-tetrasulphonatc, redox po¬ 
tential of, 308 

Limiting cummt, 402 

-, npproxiniiiLc value, 405 

-, equation for, 407 

-, of oxygen, 414 

Lippmann cupillary electrometer, 354 

— equation, 35G 

Liquid ammonia, electrode potentials in, 
251 

—, UK conipresKcd giis, 126 
—, association in, 128 
—, dissociating |H)wct of, 137 
—junction |H)tcntial between solulions of 
different eleitrolj'tcB, 271 

-, lietwcen solutions of same clec- 

trol>"tc, 270 

— -^ KUp])TesBion of, mechanism, 273 

—, order in, 126 

—, polar, structure of, 127 
—, pure, conductance, 815 
—, structure of, 125 
—, thermal kinetic energy of, 120 
UsBajou's figures, and rate of electrode 
reactions, 608 

-, in cathode-ray tube, 585 

Local cell, 460 

— current, 468 

— elements, 408 

-, analogy with amalgans, 240 
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LiiggiD capillnry, 399 
LumlnouB arc, and production of atomic 
hydrogen, 507 

Modelung constant, 115 
Magic eye, mecluuium, 537 
Mass Action, applied to electrolytic dis¬ 
sociation, 145 

-, law of, BD 

—, relation to energy, 47 
Maximum work, of cell reaction, 230 
Maxwell distribution, breakdown for elec¬ 
tron velocities, 517 

-, in associated liquids, 150 

-, of particles near clnstrodc, 420 

—, thermodynamic relations, 73 
Mcclianical scanner, in Scliliercn method, 
502 

Melts, coiiductuiii« of, tabulated, 727-728 
—, densities of, 637 
—, densities of mixtures, Oil!) 

—, electrolysis of, 472 
—, energies of m^ivah'oii of condiU'tancc, 
728-729 

—, molar volumes, 04,3 
—, technique of electrolysis, 600 
Membrane potential, general, 368 
-, in glass electrode, 292 

— —, relation to activity, 370 
Meroury, anodic dissolution, 452 

— elcctrodf!, ns null electrode, 300 

-, dropping, advantages, 408 

-, dropping, mechanism of, 248 

—iiierciirous oxide clettnMlc, reaction at, 
203 

—, purification for clcctriMles, 580, 590 
!iletal chlorides, conductance and proficr- 
ties of bonds, 144 

—deposition, rate controlling reaction and 
alternating currents, 438 

— overpoUmtial, complex relations to cur¬ 
rent, 442 

-, decay of, 442 

-, determination with cathodc-ray os¬ 
cillograph, 442 

-, difficulties in, 440 

-, growth, theory, 441 

—solution potential-difference, absolute 
calculation, 255 

— surface, preparation of reproducible, 
418 


Micelles, ionic, 222 
—, mobility ill electric field, 829 
Microdcusitometer, 556 
Mixed conducton, 226 
Mobility, absolute, definition of, 81 
—, and ionic hydration, 132 
—, connection to conductance, 81 
—, determination of, with Kohlrausch’s 
law', 203 

—, determination of, with Onsager equa¬ 
tion, 204 

—, diineasions of, 33 
—, electrophoretic, of proteins, tabulated, 
767 

—, eliMrtTOpliorptic, theory in colloids, 383 
—, ill inctliuiiol and ethanol, 716 
—, numericid values, 205 
—, of colloids, determination, 3H5 
—, of collnids, use in ideiitificalioii nf pro¬ 
teins, 386 

— of goscHius ions, technique, 575 

—, of liydroxoiiiuin ion, aiioinalous effect 
of proiLsiire, 207 

—, of hydroxoiiiiim ion, temjicratiire coef¬ 
ficient, 207 

—of ions, tabulated, 700 
—, of mieclles, 379 

—f of silver iodide sols, and gegenion con- 
ifcntration, 385 

—, use us concentration mi it in Dcbyc- 
Iliickcl theory, 230 

Molar heat ismtciit, in Debye-Hilckel theo¬ 
ry, 179 

— volume, of molten salt mixtures, 043 
Molecule, definition, 145 

Molten salt, activity coefficient in, exam¬ 
ple, 792 

-, and defiolarisalion in electrode pro¬ 
cesses, 475 

-, condiic;tancv! of, tabuUted, 727-728 

-, current efficiency in, 472 

-, decomposition voltages, 470 

-, densities of, 037 

-, densities of mixtures, 039 

-, deposition potentials in, 473 

-, electrolysis of, 472 

-, c.m.f.’B of cells in, 474 

-, e.Tii.f. of cells ill, tabulated, 757-758 

-, energies of activation of eoiiducl- 

ance, 728-729 
-, equilibria in, 270 
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MolteD aalt, evolution of hydrogen from, 
455 

-, medianiBin of conductance in, 211 

-, molar volumes, 048 

-, technique of electrolysis, GOO 

Monocrystuls, and metal overpotential, 440 
Morse equation, 102 

Moving boundary metliod, technique, 572 
-, volume correction, 574 

Natural process, definition, 02 
Negative boundary, of cathode glow, 496 
Neon tube, 580 

Nemst equation, for diffrision constant, 
185 

— filament, 400 

— heat theorem, 80 

— Thonipson nile, 188,140 

Ncrv'c, transport of current along, 408 
Neutral salt nf.*tion, 104 
Neutralisation, raceliaiiisin, 813 

— reactions, coiiductriiiictric analysis of, 
215 

-, |K)turitioiiietrjc method, 207 

Nitric acid, aiiiiyilrous, coiidui^tance, UlO 

-, dissociation, 312 

-, protolysis, 311 

— oxide, forinuiiun in discimrge tiibi‘, 510, 
518 

Nitrogen, urtivution in clecdric dischiirge, 
5()0 

—, active, luitiirc* of, 500 
—, —, non-liuninoiiB, 510 
—, atomic, n'ortioas with, 511 

-oxygen conibiiiatioii, 504 

Niin-aqiieuiis solution, acidity in, li80 

-, activity coefficients in, 074^082 

-, activity cuicfficient of liydrogcn 

chloride in, 07-W570 

-, capacities in, 805 

-, conductance in, 207, 211 

-, conductance in, tabulated, 70!'5-717 

-, conductance of nitric acid in, 780 

-, dissociation constant in, 780 

-, di&sociation of tctra-ulkyi amnioni- 

uni s:i]ts ill, 188 

-, clcetrodepositiofi from, 445 

-, electrometer with, 588 

-, electrometric titrations in, 218 

-, liydrogeii overjioteiiliul in, 809 

-, indicators in, 800 


Non-oqueous solution, ionic atmosphen 
in, 785 

-, Kohlrausch's square root Ijaw in, 

188 

-, measurement of pH in, 341-342 

-, of low dielectric constant, conduct¬ 
ance in, 212 

-, Ostwold's law in, 780 

-, reversible cell in, 701 

-, significance of pH in, 830-340 

-, solvation in, 132 

-, transport nuinliers in, tabidnted, 

720-724 

Non-clcctrolytcs, conductance of, 200 
Non-polar bond, DO 

Non seir-BUstaining to self sustaining dis¬ 
charge, condition for transition, 402 
Non-stociiiomctry, effect on scmi-con- 
duction, 220 

Null electrode, and zero charge, 800 

-, definition, 248 

— potciitials, vith re8|)ect to N enlomei 
electrode, 758-750 

Of!tu|)o]e, 105 
Ohm's I^w, 0 

-, break-down for electrolytic so¬ 
lutions, 180 

-, deviations from in eleitrohlic so- 

utions, 34 

-, ill A.C. circuit, 524 

-, in gaseous eondiirtioii, 480, 408 

Oil, lubricating, production, 510 
OiisagiT equation, values of consLaiiLs in, 
600 

Operator, LapUiciaii, 20 
Optical coiistaney, conclusions from, 153, 
154 

-'properties, indc])eiideni?e of interniu- 
lenihir fnri^^s, 154 

-, of e]eii;rolytic solutions, 152 

Order, in ]N)lar liquids, 127 
Organic substances, rcdox^potentials of, 
204 

Orientation of dipoles around ion, and 
heat of liyilration, 123 
Oscillator, 581 
—, basic circuit, 532 
Oscillation, damped, 532 
Osmotic coefficient, and activity 
coefficient, 151 
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Osmotio coefficient, clasBical theoiy, 7B4 

-, definition, 150 

-, equation for, 785 

-, in dilute solutions, 651-060 

-, significance, 151 

— effects, 141 

— pressure, 95 

-, in Debye-Huckel theory, 179 

-, of protein solutions, 807 

Ostwald’s dilution law, 140 
Ostwald’s law, in non-aqueous solutions, 
780 

Overpoteniial, activation, meclumism, 
300 

—, and trace impurities, 418 
—, at low current densities, 433 
—concentration at stationaiy surface, 
406 

decay, SUfl 

concentration, mechanism, 300 
—, definition, 345 
—, diiccl method, 399 
—, distinction between types, 398 
—, induced method, 309 
—, methods of study, 418 
—, ohmic, 395,390 
—, pseudo, 395 
—, reliction, 307 
—, transition, 307 
—, types. 390 

Oxidation, anodic, niecluinisni, 458 
—, electro-chemical, 457 
—reduction reactions, conductometric 
analysis of, 217 
Oxide electrodes, 293 

— film, in passivity, 406 

—, free energy of formation, 398 
Oximes, elcc'trolytic reduction, 447 
Oxygen, atomic, production in glow dis¬ 
charge, 508 

—", reactions with, 508 

— carriers, action, 458 

—, effect on hydrogen overpotential, 414 

— electrode, effect of pressure, 263 

-, in neutral solution, 202 

-, reproducibility, 277 

-, reversible, 455 

— evolution, difficulties, 454 
-, tlieoiy, 464,455 

—, poisoning by, of atomic reactions, 500 
—, polarograpliic half-wave, 418 


Ozone, production of, 508 

Parallel plate condenser, 28 
-, deduction of equation for capaci¬ 
ty, 29 

Parker effect, 504 

Partial derivative, definition, 45 

-, equations illustrating, 45 

— molar entropy, in Debye-HQckcl theo¬ 
ry. 179 

-quantities, 58 

-! physical meaning, 59 

-volume, depeiidance upon concen¬ 
tration for sodium chloride solutions, 
00 

-, in Dcbye-Uuckel tlieory, 179 

- 1 principle of determination, 01 

Partition coefficient, 38 
law, deduction of, 38 
Passivity. 401 

—, chemical, characteristics, 460 

—, —, riirrcnt-voltagc relation in, 405 

—, —, definition, 402 

—, —, mechanism, 406,407 

—, clectrocheiiiical. 402 

—, mechanical, definition, 402 

—, —, incclmiiisin, 463 

—, of iron, 408 

Pentode, 529 

Peptisation, 375 

I’erohloric ucid, solution in ai^tie ucid, 314 
Persulptiatc formation, 450 
jiH, cliungc in buffer solution on addition 
of acid, 331 
—, definitiuu, 2H2 

equations for, using various elecLrodcs, 
286,287 

—, exact determination, 286 

— in con centra tiMl solutions, 340 

—, in non-aqueous solutions, rignificaiicc, 
339-3>«) 

— measurement, 282 
-, colorimetric, 386 

—, — in non-aqueous solution, 341-342 
—, — with mercury-mercurous oxide 
electrode, 294 
—, of buffer, equation, 830 

— scale, conventional, definition, 284 

— value, accuracy of e.m.f, determimition, 
286 

Phase angle, In A.C. circuit, 528 
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Phaie boundaiy, potentuil diffeienoea, 858 
* potential, effect on chemical po¬ 
tential of iona, 245 

— xdations, comparison with cathode-ray 
tube, 535 

Phenols, conductance in solvents of low 
dielectric constant, 20B 
Photocurrcnt and hydrogen overpotential, 
410 

Photoelectric ceil, 480 

— effect, 450 

— methods, 152 

— photometry, 557 
Pierce circuit, 540 

Flatinizatioii of electrodes, for conduct¬ 
ance, 504 

-, for hydrogen electrodes, 681 

Platinum electrode, grey, 504 
-, platinized, 504 

— micro electrodes, 580 

Poggpndorf compensation method, accu¬ 
racy of, 20 

-, and energetics of cell reaction, 

230 

Point discliarge, 400 

Poisaeuille's equation, in electroendosino- 
sis, 380 

Poisson's equation, and Stern’s theory, 
300 

-, application to conductance of gases 

404 

-, deduction of, 25 

-, in theory of solutions, 172 

-, in vector terminology, 27 

Polar bond, 00 

— liquid, structure, 127 

— substituents, and dissociation con¬ 
stants, 348 

Polarisability, of ions, and niolecules, 
tabulated, 030 
Polarisation, aloinir, 558 

— capacity, theory of, 415 
—, criterion for alnence, 447 
—, definition, 805 

—, electronic measurement, 558 
—, in molten salts, 000 
—, in practical eells, 232 
—, iiitra-molecular, in acids, 350 
—, of molecules by ion, 108 
Polarogram, 410 

Polarograph, principles of arrangement, 


400 

Polarograph, range of appUeability, 414 
Polarographic analysis, principles, 410-411 
Polarograpby, 408 
—, technique, 554 
—, with caihode-ray tube, 585 
Polysulphides, electro-deposition, 455 
Positive column, 404,400 
Potassium chloride, and suppression of 
diffbsion potentials, 272 
Potential, across diffusion layer, 812 
—, and effect on surface tension, 778 
— difference, absolute zero of, 248 
-, at solid-liquid boundary, and che¬ 
mical ]ioteiitialB, 244 
-, measurement by Poggeudorf com¬ 
pensation method, 10 
—, diffusion, and transport numbers, 260 
—, — between solutions of different 
electrolytes, 271 

-, l)etu'pcn solution of same electro¬ 
lyte, 270 

—, —, correction for interionic attraction, 
270 


—, —, mccluuiism, 200 
—, electrode, in salt melts, 473 
—, clcctrokiiictic and concentration, 808 
—, and flocculation, 379 
—, —, and Stem theory, 300 
—, electrostatic, 21 
—, — and volume charge density, 25 

— energy curves, 112 

-function, fur hydrogen discharge, 

420 

-in solution, effect of inlerionic at¬ 
traction, 168 

-inininiuni, in molecule and crystal, 

118 

-, orintcractinii lietween ])OBitive and 

negative ions, 115 
—, half-wave, 411 
—, measurement, 578 
—, of ionic utinosplicrc, 174 

— of ion in solution, os function nf distance, 


174 

of membrane, and activity, 870 

- 1 general, 308 

sedimentation, 382 
—, technique, 500 
single, in mrlls, 474 
standard, of azide electrode, 704 
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Potential, itandard, of Bilver-rilver 
chloride electrode as fiincUon of 
temperature, 758 

—, —, tabulated with accuracieB, 745-758 
—, Rtreaniinir, mechanism of, 802 
—, —, technique, 505 
Potentiometer, simple, 57B 
—, valve, 570 
PotentioBtut, 588 

Precipitation, DfhydropliobiccoUoidB,37B 

— reactions, conductometric analysis of, 
217 

-, potentiomctric method, 801 

Pre-eJcctrolysis, 41B, 5B0 

Pressure, units of, relation between, 015 

Protein, and Dounaii equilibrium, 872 

— error, of quinhydrone electrode, 200 
—, identification from mobilities, 880 
—, innbilities, tabulated, 707 

of blood Bcruiii, 875 
—, osmotic pressure of solution, B07 
—, separation in pure state by electro en- 
dosmosis, 890 

—, —, in Tiselius apparatus, 380 
IVotolysis, 810 

l^tolytic equilibrium constants of aminn- 
ucids, 802 

Proton, activity, 830 

— affinity, calculation, 340 

-, ill liriinolof^us series, 847 

—, free, effect on pH, 341 

—, work of transfer, in acids, 808 
Prussic acid, formation in luminous arc;, 
518 

Pscuclo-eapacfitance, 415 
Purification, of solutions for charging 
cun'cs, 501 
Pyrometers, 805 

Quadnipolc, 105 

Quartz crystal, use in oscillator, 540 
Quincke's method for surface tCJision, 801 
Quinhyilrone electrode definition, 287 

-, dependence of normal potential on 

temperature, 205 

-, effect of poisons, 201 

-, equation for, 288 

-, errors in, 280-290 

-, standard potential of and temper¬ 
ature, ‘288 

—ipart taken in quinone-hydroquinone 


equilibrium, 205 

Qiiino-hydraquinonc electrode, 200 
Quinone-hydroquinone reaction, standard 
redox potential of, 205 
Quinone, meolianism of reduction, 448 
—, volatility of, 291 

Radical, free, formation, 511 
Radii, ionic, dependanoe upon surround- 
inn^, 124 

—", —, of elements, tabulated, 082 
Radioactive ions and adsorption on col¬ 
loids, 377 

Raman spiictra, measurement, 538 

-, of water, 184 

R — r oscillator, 532 
Reactance, definition, 11 
—, in A.C, cirruit, 523 
React ion, iii rleilrodcs, 228 
—, in cells, 22H 

— velocity, effect of neutral salt on, 104 
Uectificiition, iiUThanisni, 327 
Rectifiers, 44i4, 

Iledox electrode, stability (Titcrion for, 203 
Redox pntcmtials, and rcsonanec energy, 
20t 

-, definition, 200 

“ —, equation for, 201 

-, mccliaiiisni, 200 

-, of 1:4 naphtliaquinonc, 707 

-, of organic sulistanccs, 204 

-standard, tabulated, 755-737 

-, tabiilateil, 202 

— reaction, definition, 228 
-, rnrcluiiiisiii, 447 

Heiliurtioii. by atomic hydrogen, 440, 507 

—, catliodic, inechuiiism, 448 

—, electrolytic, 440 

—, —, and cathode nuiterial, 440 

—, —, and hydrogen overpotential, 447 

—, —, ninge of, 447 

—, reversible, 447 

Hefercnei; statics and standard states, 82 

-, for expression of activity, 82 

-, for expression of fugaciiies, 81 

Refraction, molar, of salts, tabulated, 031 
Refractive index, of organic compounds, 
016-025 

Refractories, used in furnaces, 005 
Relaxation effect, 180 
-, in colloids, 882 
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Relaxation effect, in elcctrophorosiB, &84 

— time, 180 

Relay, with thyratron, 580 
Resistance emr, in electrode processes, 
800 

—, of conductor, dependence upon dimen¬ 
sions, 12 

—, of electrolytic solutions and Ohm's law, 
84 

—, specific, definition, 10 
Resistivities, of metals, 044 
Resonance cnci|(y, 101 
-, and dissociation constant, 850 

— hybrid, 101 

—, in A.C. circuit, 523 

Hcsoiuint cirruit, lii{ir|i frcquenc>% 520 

Reversible change, and rquilihriuin, 64 

— process, definition, Gl 
Richardson's equation, 4KB 

-, example, HI 3 

Rotating electrode, 58G 

Rubber, clectniplioretic dcjMisition, 300 

Sackiir-Tetrorle equation, 823 

Saha equation, 487 

Salt bridge, test of effectiveness, 273 

— effci^t. on reaction velocity, 105 
-, priniuiy, 1OG 

-, MH^iindnry, lOG 

— error, of indicator, 38U 

-, of qiiiiihydrone electrode, 280 

—, existence in iiiidissociutcd form in 
non-uqueous solutions, 208 
Salting in, 1G5 
Suiting out, 1G5 
Salting out eonstnnls, 683-602 
Sapoiiificiition, condui;tnnietric exami¬ 
nation of, 220 

Saturation current, niugiiitudc in non self- 
sustaining discliurgc, 400 
Saw tcNith wave, 53G 
S(*ldiercn method, 502 
Screening, of eonductaiii;e bridge, 560 
Second i^w of tlicrinodynamics, 61 
Second Law, statements of, 65,67,70 
Sedinieiitatioii potentials, teehiiique, 500 
Self sustaining discharge in gases, condi¬ 
tion for onset, 402 
Semi-conduction, 225-227 
—, of lead sulphide, 227 
Semiquiiionc fonnatiou, detection of, 806, 


807 

Separation factor, 480 
Setschenov's equation, 883 
Slcmen^s ozoniser, 508 
Signs, in thcrinodynainics, 106 
—I in electrostatics, 105 
—, of electrode potentials, 254 
Silent dificliarge, 508 

Silicates, liquid, conductance in, tabulated, 
781 

Silicic acid, preparation from water glass, 
301 

Silicon carbide, production, 502 
Silver chloride, conductance of saturated 
solution, 218 

Silver iodide, charge on colloid of, 870 
SilviT-silvcr cldoridc electrode, and ionic 
product, 277 

—silver cldoride electrode, electrode po¬ 
tential, 257 

— -silver chloriilc electrode, in Tiselius 
apparatus, 886 

— -silver chloride electrode, preparation, 
582 

Single spark nielliod. 567 
Slow discharge theory of hydrogen evo¬ 
lution, rate ilieiiry, 427 

-, of hydrogen overpotential, 427 

Smoke, coiulnnsatinii, 892 
Sodium aectatc^ degree of hA^lrolysis, 219 
Sodium chloride, individual activity eoef- 
fieiciit, iuljulated, 274 
Solubility, and equilibrium constants, 280 
—,dcpc‘iidcnceu|H)ii disitcrsion forces, 138 
—, detcriniuation conductonietricidly, 218 

--from e.m.f., 275 

—, effect of neutral salt on, 161 
—, errors in detennination from e.m.f/s, 
238 

—, of 2:4 dinitrophcnol and ionic strength 
164 

—, of eJectrolyte as inokMsular dispersion, 
137 

—,Df precipitate, accuracy' of titration, 
304 

— of salt, vfivei nf common ion, 281 

—,-, tabulated, 735-787 

—, of silver chloride electrode, prepara¬ 
tion, 257 

— product, 100 

-, of silver cldoride and precipitation 
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titration, 808 

Solubility product, of lilver chloride from 
Btudiefl, 2B1 

thermodynamic rclationB for, D7 
Solution, hcatc of, 120 

— molar lif^ht absorption of, 152 

—, preparation for irreversible electrode 
measurements, 508 
—, processes during, 120 
Solvation, and compressibility, 770 
—, function during solution, 120 
—, heats of, 120 

Solvent, activity, and osmotic coefficient, 
151,152 

—, — ciK^fficicnt of, 163,105 
—, and ciectTochemical series, 251 
—, aprotic, 315 
—, auto-ioiiisation of, 100 
—, differentiating, 208 
—, distribution around ion, 786 
—, effect on acid strength, 814,825 

-^ electrostatic theory, 326 

—, effect on hydrogen over|Kitential, 423 
—, levelling, 208 
Solvolysis, definition, 320 
Space cliBTge, 

Spark, high frequency oscillation with, 501 
Si)e(dfie heat, 58 

-, of organic coiiqMmiids, 010-025 

-, ratio of, 51 

-, relations between, 820 

Specific volume, of salt soliitiuns, deficnd- 
ence on temperature, 138 
Spontaiie^iUH procTW. definitinn, 01 
-, reversal of, 64 

-, theoretical limit for work done by, 

02, 63 

Stage gain, 531 

Standard cell, use i n measurement of e.m.f ., 
ID 

Standard potciitiid, of azide electrode, 704 

-, of lithium in propylamine, 791 

-, of redox electrodes, tabulated, 262 

-of silver-silver chlnriile electrode as 

function of temperature, 753 
-, tabulated, with acxiuracics, 745-758 

— redox potentials, tabulated, 75.5-757 

— state, for expression of activity, 82 

-, in expressing e.m.f., 284 

Steel, production, Slr2 

Stern theory of double layer, 859-868 


Stokes's equation, applicability at higher 
temperatures, 202 

— Law, 185 

-, and colloidal migration, 882 

-, and limiting velocity of fall, 848 

-, applicability of, to ionic migration, 

186 

-, breakdown at high velocities, 187 

Streaming potential, definition, 881 

-, mechanism, 892 

-, technique, 596 

Strong electrolytes, anomaly of, 168 
Structure of liquids, 125 
—, of water, 129 

—,-, destruction in hydration, 138 

—, tetrahedral, of water, 129 
Sublimation energy, 116 
Sulphate ions, electro-deposition, 455 
Sulphides, free energy of formation, 899 
Sulphuric acid scjlution, of unit activity, 
2.50 

-, water mixture, pH of, 34.3 

Super cnndiKdivity, 7 

»Surfae(^ area, true and apparent, 302 

Surface tension, and capacity, 357 

-, and elccdrostatic potential, 7rd 

-, of cliarged interface, 3.15 

-, of snlid-liqiiiil interface. 361 

Surroundings, definition, 44 
Symmetry, spherienl, in imlar ilquids, 127 
Syntheses in electric fields, 514 
System, definitinn, 44 
—, heterogcniH>UN, definition, 44 
—, hoiiiogciicoiiA, definition, 44 

Tufel equation, deduction, 425 

-, for lialogcn deposition, 454 

-, for iiu'tal deposition, 442 

-, for oxygen evolution, 454 

-,for “transferred" overpotential, 424 

-, inteniretatioii of slope, 4;10, 432 

-, statement, 430 

— line, 421 

-, change of slope, 430 

Temperature roeffieient, of e.m.f. of cell., 
243 

—, measurements of high, 005 
Tertiary amines, conductance in sulphur 
dioxide, 209 

Tetra-alkyl ammonium salts, degree of dis¬ 
sociation in molten state, 210 
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Tetra-alkyl ammonJuin Halts, dlBsodation 
in non-aqueouH Bolutioiu, IBB 
Tctn-amyl ammonium nitrate oonduet- 
anoc in dioxan-water mixturcB, 212 
Tetra-ethyl ammonium ion, adiioTption, 
858 

Tetrode, 529 

Thalloufl chloride, activity coefficient, 161 

-,-in glyool-water, tabulated, 670 

Thennol motion, effect of, on structure of 
solution, 169 
Therniioiiic valves, 527 
Tlieniuonic work fimction, and conduc¬ 
tion in Kases, 488 

-, and hydro|^,n nverpoteiitiul, 420 

-tabulateil, 684 

Thermodynamic functions of solutions, 
limiting laws for, 175 
—method, advontuf^es and disadvantages, 
43 

-, characteristics of, 42 

Thermodynaiiiics, 42 
—, sign convention in, 40 
Tlieniio c.m.f., in salt melts, 474 
Themiojunction, beiweern Bolutions, 422 
Thermopile, 776 
Thermostat, oil, 5(iG 
Third Law of theniiodynaniics, 89 
ThomiMon-lkrthclot principle, ease of va¬ 
lidity for cells, 243 
Thyratron, 520 
—, iifK' in comniiitntor, GOl 
Time base, circuit, 530 
Tiselius appanitus, for sepnriition of i)ro- 
tcins, 3K6 

-, technique, 501 

Titanium oxide, seiiii-conduetion of, 226 
Titration, luiiuluctoinctric, 215 
—, of weak aedds and bases, 216 
—, potimtiomctric, ncruraey, 300 
—, —, advantages, 296 
—, — and end point, 298 
—, —, in redox maetions, 305 
—, —, of polybofiic acids, 301 
—, —, tlicory ill prixsipitutioii reaction, 
302, 803 

—, —, theory of, lieiwceii arid and base*., 
296 

—, —, with irreversible electrodes, 309 
Total immersion resonator, 346 
Townsend's first coefficient, 486 


Traces, estimation, 217 
Transition point, and equivalence point, 
884 

-, dependence upon optical method 

used, 834 

Transmission line, 526 
Transparency, of electrolytic solution, 153 
Transport number, 84 
-, abnormal, 89 

-, at higher tainocntrations, tabulated, 

719 

-, cationic comparison of, from two 

methods, 88 

-, Dcbye-HOckel theory of, 184 

-, detailed teclmique, 571 

-, determination by Hittorf method, 

87 

-,-, accurai!y, 87,88 

-^-^ proGCBBCB during, 36 

-, — by moving lioiindary method, 

equation, 87 

-, effect of hydratioii, 39 

-, c.m.f, method, 575 

-, in non-Liqueous solutions, tabulated, 

72(^-724 

-, in molten salts, nieaniiig of, 210 

-, in solid electrolytes, model for, 40 

-, measurement for solid, 577 

-, mimprical values in some crystalline 

salts, 40 

-, of eutioiis in aqueous solution, labu- 

late<l,718 

-, of lithium in lithium chloride, 772 

-, of silver in silver nitrate, 778 

-, relation to eoniiuctaiice, 36 

-, — to luobililies, 35 

Trinde, 527,528 
Trydiinitc lattice, ]«'j0 
Tuned cireuit, acceptor, 523 
-, rejector, 524 

Turbidity, and threshold concentration 
ill colloidal solutions, 328 

Units, electrical, definition, 611 

Valency, elcctrocliemical, definition of, 32 
Valve, thermionic, 527 
Valve potentiometer, 579 
Van der Waals' forces, 103 

-, and flocculatinii, 380 

---^ and hydrophobic colloids, 878 





882 


INDEX 


Van del Waab' fonea, and Joule’Thomaon 
coeflioient,7T4 

-, between iona, 116 

Van t Hoff fiictor, 141 

— — laochoR, 86 
-,iwthenn, 86 

-aj^cation to gUvanic cell, 288 

7 “ “ 

—^ tligjliiy of dilute aohitiona, 141 
Vapoii^llieBSUR, lowering of, 91 
VeCtorfin A.C. ciiciiiti, 522 
Velodtiea, among colloidal particles, 887 
Vibrating electrode, 586 
Viicnsity, change in neighbourhood of ion, 
186 

—, of electrolytic Bolut||p, and concen¬ 
tration, 180 ™ 

—, of organic compoundfl, 016-025 
—, of water, 120 

— -, effect of aalti, 133 

Visual nietliod, in absorption spectroscopy, 
555 

Volta's pile, 8 

Volta potential difference, 853 

— potentials, and hydration, 125 

IVogner earth, 560 

-, in Iiigli temperature conductance, 

006 

Walden's rule, application to molten salts, 
211,788 

-, dependence upon temperature, 202 

W ater, activities of,inelcctrolytesolutions, 
671 

—, coefficient of expansion, and pressure, 
120 

—, dielectric constant, 177 

—,-, tabulated, 080 

—, dissociation constant of, from c.m.f., 
273 


Water, diiMieiatiDn of vapour in discbaiie 
tube, 518 

—, equilibrium, 500 
—, for conductance measurements, 566 
—, heat of dissociation, 270 
—, ionic product, at various tomperatuna, 
tabulated, 720 ( 

—, polymeric theory of structure, 181 
—, structure, 128 t 

—, — and applicability of Stokes's equre 
tion,202 

i 

—, theory of anomalous behaviour upon 
heating, 131 

Waterperchloric odd, pH of, 848 
Wave guides, 526 

—-, and dielectric constants of electro¬ 
lytic solutions, 531 

Weston cadmium cell, dependence of 
c.m.f. DU tem]ierature, 20 

-, e.m.f. of, 10 

-, reaction in, 259 

-, use, 578 

Wheatstone bridge, theory of, 10 
Wien Effect, 180 

-, for colloidal electrolytes, 228 

Windings, used in hirnaces, 005 
Work done, in expansion of perfect gas, 50 

-, in spontaneous process, 62 

-.types, 62 

Work, nuximum, 08 

X-ray dithactinn, evidence on structure of 
liquids from, 120 

Zero charge, point of, 800 
Zinc ions, estimation by predpilation ti¬ 
tration, 804 

Zirconiuiii uitridc, semi-conduction of, 220 
Zwitter ions, definition of, 821 
-, in colloidal solutions, 378 






